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The  Gas  Turbjnc  Materials  Conference  convened  at  the  Naval  Ship  Engineering  Center,  Hyattsville, 
Md  in  October  1972  was  jointly  sponsored  by  the  Naval  Ship  Engineering  Center  and  the  Naval  Air 
Systems  Command.  The  Conference  addressed  the  life  limiting  materials  and  maintenance  problems 
common  to  aircraft  jet  engines  and  marine  gas  turbines.  Government  and  industry  experts  in  hot- 
section  metallurgy,  coatings  and  testing  from  the  United  States  and  the  United  Kingdom  presented 
technical  papers. 

1 was  most  gratitled  by  the  technical  expertise  and  cooperative  spirit  of  all  persons  connected 
with  the  Conference  and  I commend  to  you  this  compilation  of  tlie  technical  papers  presented. 


Reviewed  and  approved 

F.  C.  Jones 

Rear  Admiral,  USN 

Commander 

Naval  Ship  Engineering  Center 
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IN  REPLY  REFER  TO 


This  conference  was  organized  to  provide  a forum  for  technically  respon- 
sible representatives  of  government  and  industry  to  discuss  the  many  facets 
of  sulfidation  corrosion  and  methods  of  reducing  its  effects.  In  his  opening 
remarks,  Rear  Admiral  F.C.  Jones,  Commander,  Naval  Ship  Engineering  Center, 
articulated  the  Navy's  committment  bo  extensive  gas  turbine  use.  He  also 
discussed  some  new  concepts  in  naval  surface  ships  which  will  require  advanced 
gas  turbines.  Admiral  Jones  identified  the  major  problem  encountered  operating 
gas  turbines  in  the  marine  environment  as-  sulfidation,  which  limits  engine  life 
and  restricts  perfonnance  improvements.  The  conference  co-host.  Captain  A.D, 
Williams,  Commanding  Officer  of  the  Naval  Air  Propulsion  Test  Center,  indicated 
that  sulfidation  is  also  a significant  problem  with  naval  aircraft  jet  engines. 
He  went  on  to  outline  some  of  the  projects  related  to  this  problem  that  the 
Naval  Air  Systems  Command  is  sponsoring.  These  programs  of  common  interest 
with  the  surface  forces  including  accelerated  salt  ingestion  testing, 
non-destnictive  test  techniques  and  reprocessing  of  air-cooled  blades  and  vanes. 

The  opening  session  was  on  the  mechanism  of  sulfidation  corrosion  with 
renowned  investigators  as  both  authors  and  discussors.  This  session  produced 
the  best  technical  discourse  on  this  topic  ever  conducted  and  helped  place  in 
perspective  both  the  commonalty  and  diverse  interpretations  of  this  complex 
phencmienon. 

After  the  problem  was  placed  in  perspective,  speakers  intimately  involved 
with  materials  develojanent  and  engine  use  discussed  materials  and  coatings 
idiich  ameliorated  engine  resistance  to  the  sulfidizing  environment.  The  high 
level  of  success  of  the  conference  is  directly  attributable  to  the  willingness 
of  the  engine  manufacturers  to  discuss  the  state-of-the  art  in  high  tenqperature 
coatings  and  substrate  alloys.  The  detailed  discussions  of  mutual  problems  by 
the  highly  knowledgable  participants  were  particularly  interesting.  The  de- 
scription of  the  NAVSEC  sponsored  program  with  high-rate  sputter  deposition 
stimulated  considerable  interest  in  this  new  process  to  coat  vanes  and  blades. 

The  third  session  was  devoted  to  various  testing  techniques  to  determine 
sulfidation  resistance  and  engine  life.  The  non-destructive  technique  of 
microdefect  detection  was  quite  interesting.  Also,  test  cell  results  at  NAPTC 
were  of  considerable  interest. 

On  behalf  of  the  Naval  Air  Propulsion  Test  Center  and  the  Naval  Ship 
Engineering  Center,  I would  like  to  express  the  Navy's  sincere  appreciation  of 
the  outstanding  presentations  by  both  authors  and  discussors.  The  extensive 
willingness  and  unbounded  co-operation  of  the  participants  made  this  meeting 
the  most  meaningful  gas  turbine  conference  that  I have  attended  in  my  sixteen 
years  in  this  field.  I should  like  to  hoist  the  "Bravo-Zulu"  pennants,  which 
is  the  Navy's  flag  code  for  "Well  done",  for  the  conference  organizer, 

John  Fairbanks.  ^ 


Charles  L.  Miller 
Conference  Chairman 
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Accelerated  Corrosion  in  Gas  Turbine  Engines 


)V,  S.  Bomstcin,  M A.  DeCrescente  and  //.  A.  Roth 
United  Aircraft  Research  Laboratories 
East  Hartfordl  Connecticut 


ABSTRACT 

The  relationship  between  oxide  ion  content  of  Na2$04  and 
the  accelerated  oxidation  phenomenon  termed  sulfidation  attack  was 
investigated.  It  was  previously  shown  that  oxides  such  as  Cr203 
which  decrease  the  oxide  ion  content  of  Na2.S04,  inhibit  sulfida- 
tion attack.  It  was  found  that  the  oxides  M0O3  and  V20$  like 
Cr203  react  with  and  thereby  decrease  the  oxide  ion  content  of 
fused  Na2S04.  It  was  also  shown  that  binary  nickel-vanadium  and 
nickel-molybdenum  alloys  like  nickel-chromium  alloys  arc  more 
resistant  to  Na2S04  attack  than  unalloyed  nickel. 

The  reactions  between  V2OS  with  metal  oxides  and  the  salt 
'.Na2S04  were  also  investigated.  V2O5  readily  fluxes  AI2O3  and 
slowly  reacts  with  Na2S04.  The  relationship  between  accelerated 
oxidation  attack,  oxide  ion  content  of  the  fu.<ed  melt  and  fluxing  of 
the  normally  protective  oxide  scale  by  liquid  metal  oxides  is 
di»ussed. 

INTRODUCTION 

Accelerated  oxidation,  hot  corrosion,  or  sulfidation 
attack  of  gas  turbine  alloys  occurs  when  a salt  composed 
primarily  of  Na2S04  deposits  onto  turbine  components  ( 1 ). 
It  has  been  postulated  that  the  accelerated  rates  of  oxida- 
tion are  due  to  the  rapid  oxidation  of  sulfide  phases  (2)  or 
loss  of  oxidation  inhibition  by  chromium-depletion  through 
formation  of  chromium  rich  sulfide  precipitates  (3,4). 
Simons,  et  al  (2)  postulated  a reducing  agent  in  the  alloy 
which  reacts  with  Na2S04  to  produce  sulfides,  although 
Quets  and  Dreshcr  (5)  indicate  that  the  formation  of  alkali 
compounds,  i.e.  NaAI02,  Na2Cr04,  etc.  is  the  ncccssaiy 
driving  force  to  release  sulfur  for  sulfide  formation. 

Bomstein  and  tteCrescente  (6,7 ,8,9)  have  shown  that 
the  accelerated  rates  of  oxidation  associated  with  sulfida- 
tion attack  are  not  related  to  the  preferential  oxidation  of 
either  the  sulfur  rich  phases  or  the  alloy  depleted  zone  and 
have  shown  that  the  accelerated  rates  of  oxidation  are  due  to 
the  inability  of  the  alloy  to  form  a protective  oxide  scale 
due  to  the  presence  of  oxide  ions  in  the  Na2S04  melt. 
Gobel  and  Pettit  (10)  confirmed  that  the  products  of  the 
reaction  between  the  normally  protective  oxide  scale  and 
oxide  ions  is  nonprotective,  and  then  postulated  that  the 
self-sustaining  nature  of  the  attack  appears  to  be  caused  by 
alloying  elements  that  are  present  in  the  alloy. 

The  superalloys  employed  in  gas  turbine  engines  are 
quite  complex,  often  consisting  of  five  or  more  alloying 
elements.  Aluminum,  titanium,  and  chromium  are  common 
alloying  elements  to  almost  all  of  the  commercially  available 


nickel  base  superalloys.  In  addition,  one  or  more  of  the 
refractory  metals  such  as  molybdenum,  tungsten  and 
vanadium  arc  present  in  concentrations  from  less  than  one 
to  more  than  !S  weight  percent. 

During  oxidation  the  refractory  metals  present  in  the 
alloy  contribute  to  tlie  formation  of  the  oxide  scale.  During 
sulfidation,  ihe  oxides  of  these  refractory  metals  can  inter- 
act with  the  fused  salt.  The  objectives  of  this  study  are  to 
determine  the  relationship  between  refractory  metal  oxides, 
oxide  ion  concentration  in  fused  Na2S04  and  sulfidation 
attack  of  some  nickel  base  alloys  and  nickel  aluminide 
which  is  the  most  commonly  employed  protective  coating 
for  superalloys. 


EXPERIMENTAL  PROCEDURES 

The  nickel  base  superalloy  B-1900  and  five  binary  nickel 
base  alloys  were  chosen  for  this  study.  The  nominal  com- 
positions are  presented  in  Table  I. 

Test  specimens  approximately  1 X 1 X 0.090  in.  in  the 
“as  cast”  condition  were  polished  with  600  grit  emery, 
washed  and  rinsed  with  acetone  immediately  prior  to  all 
experiments.  The  method  of  inducing  sulfidation  attack, 
i.e.  application  of  Na2$04  and  subsequent  exposure  at 
elevated  temperatures,  has  been  described  in  detail  in  a 
previous  publication  (8).  Continuous  oxidation  studies 
were  performed  using  an  Ainsworth  thermobalance  and  3 
three  zone  Marshall  furnace  all  of  which  have  also  been  de- 
scribed elsewhere  (8). 

The  NiAl  specimens  were  prepared  by  hot  pressing  finely 
divided  (-325  mesh)  NiAI  powders.  Consolidation  was 
achieved  by  pressing  at  1250“C  for  one  hour  in  argon  at  an 
applied  pressure  of  5(XX)  psi. 

NiAI  alloyed  with  either  Cr,  Mo,  or  V was  obtained  by 
mixing  the  respective  metal  powders  with  the  NiAI  powder 
prior  to  consolidation. 

EXPERIMENTAL  RESULTS 
BINARY  NICKEL  ALLOYS 

Sulfidation  attack  occurs  when  oxide  ions  present  in  the 
melt  react  with  the  normally  protective  oxide  scale  to  form 
product(s)  which  are  nonprotective  with  respect  to  the 
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Table  I 

Nominal  Coni|)ositioii  of  Alloys 


.Alloy 

Flemcnts  \v,'o  j 

Ni 

1^ 

Cr 

Co 

Ti 

AI 

Mo 

I'a 
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B-1900 
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10 

1 1 

6 

6 
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0.1  j 

|Ni-lV 
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1 1 
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1 Ni-5V 
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Ni-lOV 
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j Ni4Mo 

96 
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1 1 
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j NiAl  i 

67 

— 

33 
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1 
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metallic  substrate  (8).  Sulfidation  attack  is  prevented  by 
reducing  the  oxide  ion  concentration  of  the  fused  melt  so 
that  this  reaction  does  not  occur  (8). 

It  was  shown  that  oxides  such  as  CriOy  and  Sn02  react 
with  and  sufficiently  reduce  the  oxide  ion  concentration  of 
Na2$04  to  allow  the  fused  salt  and  the  oxide  scale  to  co- 
exist. In  a recent  publication  it  was  shown  that  oxides  such 
as  M0O3  and  ViOf,  like  Cri03  react  with  and  decrease 
the  oxide  ion  content  of  NaiS04  (9).  It  has  been  deter- 
mined by  thermodynamic  calculations  that  the  o.\idcs  of 
ti'iigsten,  titanium  and  silicon  can  react  with  and  reduce 
the  oxide  ion  content  of  the  fused  melt.  This  has  not  been 
verified  by  the  electrochemical  techniques  previously  used 
to  measure  relative  oxide  ion  concentrations  in  Na2S04 
(7,1 5).  The  extent  to  which  the  reactions  can  occur  will  be 
discussed  later  in  detail. 

Ni-V  Alloys 

It  has  been  shown  that  whereas  Na2S04  signidcantly 
increases  the  rate  of  oxidation  of  unalloyed  nickel,  the 
corrosivity  of  the  fused  salt  is  significantly  decieascd  and 
depending  upon  the  Cr  content  of  the  alloy  the  rate  of 
oxidation  of  salt  free  and  Na2S04  coated  Ni-Cr  alloys  arc 
for  all  practical  purposes  identical  (7).  Since  both  Cr203 
and  V2O5  decreased  the  oxide  ion  content  of  fused  Na2S04, 
it  was  expected  that  the  beliavior  of  Ni-V  alloys  would  be 
similar  to  Ni-Cr  alloys.  In  order  to  verify  that  the  behavior 
of  vanadium  is  similar  to  that  of  chromium,  the  oxidation 
kinetics  of  uncoated  and  Na2S04  coated  Ni-lV,Ni-5Vand 
Ni-lOV  alloys  exposed  at  900°C  were  studied. 

The  effect  of  vanadium  on  the  oxidation  behavior  of  nickel 
is  shown  in  Fig.  1 where  the  filled  symbols  represent  the  oxi- 
dation of  Ni-lV,  Mi-5V  and  Ni-lOV  exposed  at  900°C  in 
flowing  oxygen.  It  is  observed  that  as  the  vanadium  content 
of  the  alloy  increases,  the  rate  of  oxidation  also  increases. 
These  results  agree  with  those  of  a previous  study  (II). 


Ni-V  alloys  oxpoKd  at  900°C  in  O2. 

The  open  symbols  represent,  the  rates  of  oxidation  of  the 
N32S04  coated  (sulfidation)  Ni-V  alloys.  It  is  observed 
that  as  tlie  vanadium  content  of  the  alloy  increases  the 
degree  to  which  the  alloy  is  affected  by  Nu2S04  decreases, 
liius,  vanadium  inhibits  sulfidation  in  nickel-vanadium 
alloys.  Although  the  data  arc  not  shown  in  Fig.  1 , the  rate 
of  oxidation  of  1 mg/cm*  Na2S04  coated  unalloyed  nickel 
at  9(X)‘’C  is  extremely  rapid.  After  10  min  exposure,  the 
weight  gain  is  approximately  10  mg/cm-. 

The  surfaces  of  the  Na2S04  coated  Ni-V  alloys  were 
chemically  analyzed  after  test,  to  determine  the  amount  of 
unreacted  Na2S04  and  water  soluble  vanadium  formed. 
These  results  arc  summarized  in  Table  II.  Little  difference 
was  found  in  the  amount  of  sodium  present  prior  to  and 
after  test,  although  tlic  amount  of  sulfate  found  was  de- 
pendent to  some  degree  upon  the  vanadium  content  in  the 
alloy.  Althcugh  it  is  not  possible  to  establish  the  identity 
of  the  soluble  vanadium  compound,  the  salts  present  on  the 
Ni-1  V alloy  based  upon  electro-neutrality,  arc  Na2S04  and 
Na3V04,  while  those  present  on  the  Ni-5V  and  Ni-lOV 
alloy  arc  NaV03  and  Na2S04. 


Tabb  II 

Quantitative  Chemical  Analy.ses  of  Salt  Coated  Ni-V  Alloys 


Alloy 

Salt  Applied 
(millimoles) 

Chemical  Analyses 
(millimoles) 

Na 

SO4 

Na 

V 

SO4 

Ni-lV 

.1240 

.0618 

.108 

.0180 

.0025 

Ni-5V 

.1305 

.0652 

.1272 

.0712 

.0291 

Ni-IOV 

.1285 

.0642 

.1165 

.0628 

.0307 

It  was  shown  in  Ref.  (7)  that  when  Cr203  is  codcpositcd 
with  Na2S04  onto  nickel  or  nickel  base  superalloys,  the  ac- 
celerated rateot  i^cidation  associated  with  sulfidation  attack 
are  attenuated  or  prevented.  Weight  gain  experiments  were 
performed  in  which  V2O5  was  codeposited  with  Na2S04 
onto  Ni-V  alloys.  These  results  arc  shown  in  Fig.  2.  It  is 
seen  that  when  cither  V2  O5  (or  M0O3 ) are  codeposited  onto 
nickel-vanadium  alloys  the  differences  in  the  rates  01  oxi- 
dation between  the  salt  coated  and  salt  free  specimens  are 
quitesmail.  When  12.5  w/o  V2O5  was  added  to  the  Na2S04 
coated  Ni-1  V alloy,  the  rate  of  oxidation  of  the  salt  coated 
specimen  was  identical  for  all  practical  purposes  to  that  of 
the  salt  free  specimen.  Fig.  2.  MetallographLal  examination 
of  N32S04  coated  and  Na2S04  + 12.5  w/o  V2O5  coated 
Ni-V  revealed  in  the  case  of  the  former  the  presence  of 
numerous  nickel-vanadium  rich  sulfide  precipitates  in  the 
matrix  and  a continuous  film  of  a nickel-vanadium  sulfur 
phase  (as  identified  by  electron  microbeam  studies)  directly 
beneath  the  oxide  scale  and  in  the  adjacent  grain  boundaries, 
Fig.  3.  In  the  case  of  the  latter,  the  presence  of  an  internal 
oxidation  zone  was  noted,  however,  noticeably  lacking 
was  the  sulfur  rich  phases  which  were  so  prominent  when 
only  Na2S04  was  present  (Fig.  3). 
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Figurt  2.  Effect  of  decreaiing  itie  (O']  on  the  oxidetion  behevioc 
of  Ne2S04  coeled  Ni-1  V at  900°C. 


Ni-4Mo 

Since  M0O3  was  shown  to  behave  similar  to  Cr203  and 
V2O5  with  respect  to  lowering  the  oxide  ion  content  of 
Na2S04,  the  oxidation  behavior  of  the  binary  alloy  Ni-4Mo 
was  also  studied.  A comparison  of  the  oxidation  behavior 
at  825°C  of  Na2S04  coated  Ni  and  Na2S04  coated  Ni4Mo 
is  shown  in  ig.  4.  In  the  absence  of  Mo,  the  rate  of  oxida- 
tion of  the  n,  kel  is  very  rapid,  however,  similar  accelerated 
rates  of  oxidation  arc  not  noted  with  the  salt  coated  Ni-4Mo 
alloy  specimen. 


Wi  1 MG/CM7  No2S04  -f 

I2.5W/0  V2O5 

Figur*  3.  Microttructurt  of  util  coMid  Ni-IV  alloy  axpoaad  at 
900°C. 


NiA) 

Oxidation-lhe  introduction  of  Cr,  Mo,  or  V to  NiAl  in 
almost  all  cases  adversely  affected  the  oxidation  behavior 
of  the  intermetallic  compound.  However,  whereas  the 
effect  of  Cr  (1  and  5 w/o)  was  minimal,  significantly  large 


5 


in>  reuses  in  rtie  rates  of  oxidation  were  noted  for  vanadium 
or  molybdenum  additions,  Fig.  S. 

Na2S04-Acceh  raied  Oxidation  - The  intermetallic  com- 
pound NiAI.  like  the  nickel  base  superalloys,  undergoes  ac- 
celerated rates  of  oxidation  when  coated  with  Na2S04. 
The  comparison  between  uncoated  and  Na2S04-coated 
NiA)  at  I000°C  is  shown  in  Fig.  6.  Again,  the  effect  ofCr 
is  beneficial  with  respect  to  sulfidation  attack.  These  re- 
sults are  shown  in  Fig.  6.  It  it  lAiserved  that  as  the  Cr  content 


^t^iO  H MG /CM*  At  900  MIN 


4( 


2!.' 


lOJ 


of  the  NiAI  is  increased  the  difTerence  in  magnitude  of 
the  weight  gains  between  that  of  Na2S04  accderated  oxida- 
tion and  simple  oxidation  decreaaes,  and  at  10  w/o  Cr,  a 
continual  weight  loss  it  noted.  The  latter  behavfor  had  ptevi- 
oi'sly  been  observed  during  sulfidation  of  Ni-17Cr  aOoys 
('^,8)  and  is  attributed  to  the  Ion  of  SO2  and  evaporation 
of  the  more  volatile  salt,  Na2Cr04. 

It  was  demonstrated  earlier  ui  this  report  that  additions 
of  vanadium  and  molybdenum  to  nici.d  decreased  die  rate 
of  oxidation  of  Na2S04-coated  specimens  and  in  effect 
these  elements  performed  like  chromium.  Their  behavior 
is  in  agreement  with  the  predicted  behavior  based  upon  the 
electrochemical  sttidies  which  showed  that  the  oxides  of 
Cr,  V,  and  Mo  react  with  and  d.-Hnease  the  oxide  ion  content 
of  fused  Na2S04.  However,  when  Na2S04  wu  ai^Uedonto 
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Table  HI 

Quantitative  Chemical  Analyses  of 
N32S04  Coated  NiAl  - 10  w/o  Mo 


Initial  Amount  of  Salt  Applied. 

Na^  (p  moles) 

S04~  (p  moles) 

45 

22.5 

Initial  Molar  Ratio  Na/S04~  2/1 


After  Test 

Na*  (p  moles) 

SO4"  (p  moles) 

Mo"*^  (p  mule.<;) 

43.5 

20.6 

15.72 

l-inal  Molar  Ratio  Na/S04~  2/1 


indicates  that  the  reaction  S04~  + M0O3  -»Mo04“  + SO3 
had  not  occurred.  Instead,  the  presence  of  soluble  molyb- 
denum in  the  wash  solution  after  test  is  due  to  the  dissolu- 
tion of  M0O3,  a water  soluble  oxide. 


SUPERALLOYS 

A comparison  of  the  oxidation  behavior  of  uncoated  and 
I nig/cni^  Na2S04  coated  B-190C  at  900*’C  is  shown  in  Fig. 
8a.  When  Cr203  or  SnOi  are  codeposited  with  Na2S04, 
no  accelerated  rates  of  oxidation  are  observed,  Fig.  8b. 
However  when  M0O3  or  V2O5  are  codeposited  with 
Na2S04,  the  inhibition  previously  observed  with  Cr203 
and  Sn02  is  not  observed,  and  the  alloy  oxidizes  at  an 
accelerated  rate,  Fig.  9. 

When  the  oxide  Si02  is  codeposited  with  Na2S04  onto 
B-1900,  the  rate  of  oxidation  of  the  alloy  is  comparable  to 
that  of  simple  oxidation,  i.e.  as  observed  with  the  Cr203 
or  Sn02  additions.  Fig.  10.  However,  if  the  specimen  is 
thermally  shocked  (removal  and  then  reinsertion  into  the 
hot  zone  of  the  furnace),  rapid  rates  of  oxidation  ensue. 
This  is  also  shown  in  Fig.  10. 

Specimens  coated  w..h  1 mg/cm^  each  of  Si02  and 
Na2S04  were  after  1000  min  exposure  at  lOOO^C  washed 
and  the  solutions  quantitatively  chemically  analyzed.  Only 
trace  quantities  of  Na2S04  were  found.  The  surface  of  the 
specimen  was  coated  with  a glassy  scale. 

Specimens  similarly  coated  and  exposed  for  300  min  at 
900**C  were  also  immersed  in  water  and  the  solutions  were 
qualitatively  analyzed.  The  solutions  were  found  to  contain 
soluble  sodium  and  silicon.  The  silicon  was  inferred  to 
be  present  as  Na2St205,  which  is  water  soluble.  This  is 
based  on  quantitative  chemical  analyses  of  the  reaction 
products  present  on  Si3N4  after  sulfidation. 


Figures.  Oxidation  of  B-1900  alloy  at  900°C. 
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FUSED  SALT  EXPERIMENTS 
A12O3  Dimlution 

In  order  to  determine  the  relative  rate  of  dissolution  of 
A1203  in  fused  salts,  a series  of  experiments  was  performed 
in  which  coupons  of  high  purity  AI2O3,  approximately  1/2 
in.  X 1/2  in.  X 0.10  in.,  were  immersed  into  Na2S04,and 
into  Na2S04  containing  various  concentrations  of  either 
Na20,  V2O5  or  M0O3.  The  experimental  procedure  con- 
sisted of  heating  the  salt(s)  in  Pt  crucibles  to  900"C  ± 10®C 
and  allowing  the  fused  melt  to  equilibrate  for  45  minutes. 
During  this  time  the  AI2O3  $i.ecimen,  suspended  from  a 
platinum  wire,  was  then  immersed  into  the  fused  melt  and 
held  for  a predetermined  period,  removed  and  then  stripped 
of  retained  melt  by  immersion  into  boiling  water. 

The  experimental  results  are  presented  in  Table  IVA. 
It  is  noted  that  no  m.asurable  weight  changes  were  detected 
when  the  AI2O3  was  immersed  into  the  pure  salt.  With 
either  V2O5  or  Na20  contained  in  the  Na2S04,  dissolution 
of  AI2O3  occurred.  The  amount  of  AI2O3  which  dissolved 
in  the  V20j-Na2S04  (.5-1  m/o)  melts  was  small,  whereas 
significant  losses  were  observed  when  Na20  was  {x-esent. 
The  experiment  was  repeated  with  the  following  changes 
in  the  experimental  procedure.  The  platinum  crucible  con- 
taining the  Na2S04  was  heated  to  900*’C  and  then  a smaller 
platinum  crudbje  containing  either  M0O3  or  V2O5  which 
was  already  at  900°C  was  lowered  into  the  Na2S04-niled 
crucible.  At  the  same  time,  the  AI2O3  specimen  which  was 
maintained  at  900‘’C  was  also  lowered  into  the  Na2S04- 
filled  crucible.  Thus,  the  A1203  specimen  could  at  no  time 
directly  contact  the  V2O5  (M0O3)  and  yet  due  to  sub- 
sequent chemical  reactions,  the  effect  of  these  oxides  on  the 
dissolution  of  AI2O3  in  Na2S04  could  be  evaluated.  The 
results  of  this  experiment  are  summarized  in  Table  IVB.  It 


is  seen  that  no  weight  loss  of  AI2O3  occurred  when  either 
V2O5  or  M0O3  were  added  to  the  Na2S04  in  such  a way 
that  direct  contact  was  prevented  even  though  the  amount 
of  V 'Os  present  was  more  than  S times  greater  than  that 
in  the  previous  experiment.  Based  upon  subsequent  chemi- 
cal analysis  of  the  fused  melt,  the  concentration  of  vanadium 
in  the  melt  was  at  least  2 mol  percent  which  indicates  that 
mixing  and  reaction  of  the  two  fused  salts  did  occur. 

When  AI2O3  was  immersed  into  either  pure  V2O5  or 
M0O3  the  rate  of  dissolution  is  extremely  rapid  as  shown  in 
Table  IVB. 

V20s*Na2S04  Reaction  Studies 

According  to  the  phase  diagram  published  in  Ref.  12, 
there  exists  in  the  V205-Na2S04  system  only  one  com- 
pound containing  25  m/o  Na2S04  which  melt  .congruently 
at  700**C  and  is  separated  from  the  terminal  phases  by  two 
eutectics  which  occur  at  10  m/o  Na2S04  (630**C)and  80 
m/o  Na2S04  (650**C).  The  melting  point  of  Na2S04  is 
884°C  and  tliat  for  V2OS  is  672°C.  In  order  to  determine 
if  the  rate  of  the  reaction  between  V2O5  and  Na2S04  is 
rapid  or  proceeds  slowly,  an  experiment  was  performed  in 
which  V2O5  and  Na2S04  mixture  was  melted  in  a quartz 
tube. 

The  powders,  90  m/o  Na2S04  and  10  m/o  V2O5,  were 
mixed  and  then  placed  into  a quartz  tube  open  on  one  end 
which  was  heated  for  1 hr  at  900'’C  in  air. 

After  heating  for  1 hr,  the  quartz  tube  was  quidcly  re- 
moved from  the  furnace,  chilled  and  then  broken.  It  was 
observed  that  the  “cap,”  that  portion  of  the  melt  in  contact 
with  the  bottom  of  the  quarts  tube,  was  yellow  in  appear- 
ance and  the  rest  of  the  melt  steel  gray  in  color.  The  cap 
is  shown  in  Fig.  11.  A cross  section  throu^  the  cap  is 
shown  in  Fig.  1 lb  and  the  microstructuie  of  the  salt  mixtute 
is  shown  in  Fig.  1 Ic.  The  large  grains  are  alloyed  Na2S04 
and  the  bright  yellow  grains  (which  appear  white  in  the 
photomicrograph)  are  a vanadium  rich  compound  whose 
identity  was  not  established.  In  the  interstices  of  the 
grains  lies  a purple  phase.  The  concentration  of  this  purple 
pliase  is  significantly  greater  at  the  bottom  (i.e.  cap)  than 
in  the  center  and  quite  sparse  at  the  top,  in  agreement  with 
the  relative  densities  of  V2O5  and  Na2S04,  i.e.  the  mote 
dense  V2O3  tended  to  separate  from  the  less  dense  Na2S04. 

Na2$04-Mx0y  Nickel  Base  Superailoys 

A mixture  of  the  salt,  Na2S04  and  one  of  the  following 
oxides  Ct203,  M0O3,  V2O5,  and  WO3  were  applied  onto 
one  face  of  a B-1900  alloy  specimen  and  exposed  for  up  to 
6 hrs  at  ± 900°C  in  static  air.  The  amount  of  salt  ap^ed 
was  approximately  1 mg/cm^  of  Na2S04  and  a comparable 
amount  of  metal  oxide.  After  test,  the  specimens  were  re- 
moved from  the  furnace,  washed  and  examined.  The 
specimens  coated  with  Na2S04,  Na2S04  -t-  M0O3,  and 
Na2S04  + V2O5  exhibited  the  typical  sulfidation 
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Table  IV 

Stability  of  AI2O3  in  NajSOa  Melts  at  900°C  ± 10°C 


A. 

Series  I (Salts  and  Oxides  in  Physical  Contact) 

Run  No. 

Salt  Composition 
(mole  percent) 

Weight  Loss  (mg)  after 

Na2S04 

V2O5 

Na20 

30  min 

60  min 

6hn 

lOhrs 

24hrs 

65  hrs 

1 

100 

0 

0 

0 

0 

2 

99.5 

.5 

3 

6 

7 

7.5 

3 

99 

1. 

4.5 

8 

8.5 

8.5 

4 

95 

■ 1 

5 

105 

300 

Run  No. 

B.  Series  11  (V2O5  and  M0O3  Physically  Separated  from  AI2O3) 

Salt  Composition 
(mole  percent) 

Weight  Less  (mg)  after 

Na2S04 

V2O5 

M0O3 

2 min 

5 min 

15  min 

25  min 

45  min 

5 

too 

0 

0 

0 

6 

97 

3 

0 

0 

0 

7 

100 

7.25 

89 

216 

8 

100 

50 



morphology,  i.e.  loose  non-adhering  oxide  scale.  The  sped- 
mens  coated  with  Na2S04  + Cr203  or  Na2S04  + WO3 
exhibit  a tight,  adherent  oxide  scale,  similar  to  that  expected 
for  simple  oxidation.  No  visual  evidence  of  sulfldation 
attack  or  accelerated  oxidation  was  noted.  Photographs  of 
the  spedmens  are  shown  in  Fig.  12. 

DISCUSSION 

Sulfidation  attack  can  occur  when  a salt  composed 
primarily  of  Na2S04  is  deposited  onto  superalloy  gas  turbine 
components.  It  has  been  shown  that  oxide  ions  present  in 
the  meh  react  with  the  normally  protective  oxide  scale 
rendering  it  nohprotective.  The  normally  protedive  oxide 
scale  formed  on  the  high  strength  nickel  base  superalloys  is 
composed  chiefly  of  alumina.  The  subsequent  readion 
between  the  salt  and  the  substrate  results  in  the  formation 
of  the  sulfur  rich  precipitates  which  are  associated  with  sul- 
fldation attack.  The  decrease  in  sulfur  potential  as  a resuh 
of  sulfide  formation  is  synonymous  with  an  increase  in  the 
oxide  ion  concentration  in  the  melt  thereby  preventing  re- 
formation of  a protective  oxide  scale. 

Chromium  oxide  has  been  shown  to  preferentially  read 
with  oxide  ions  present  in  the  melt  (7).  The  reaction 


produd  is  Na2Cr04.  The  lowering  of  the  oxide  ion  con- 
centration allows  the  fused  melt  to  coexist  with  the  normally 
protective  oxide  scale. 

Vanadium  pentoxide  and  M0O3  have  also  been  shown  by 
electrochemical  tediniques  to  decrease  the  oxide  ion  con- 
tent of  sodium  sulfate  (8).  Available  thermodynamic  data 
indicate  that  the  oxides  of  tungsten,  titanium  and  silicon 
would  also  react  with  and  therefore  decrease  the  oxide  ion 
concentration  of  N32SO4.  The  lelative  ranking  order  of 
oxides  capable  of  reducing  the  oxide  ion  content  of  Na2S04 
can  be  determined  by  electrochemical  cell  studies  as 
described  in  Ref.  15  or  calculated  if  the  necessary  thermo- 
dynamic data  are  available.  The  ranking  of  the  oxides 
Al203,Cr203,Mo03,V205,SK)2>W03  and  H02  based  on 
the  thermodynamic  calculations  are  listed  in  Table  V. 

When  mixtures  of  V2OS  or  M0O3  and  Na2S04  are  ap- 
plied onto  nickel  base  superalloys  or  onto  NiAl  V or 
NiAI  -t-  Mo  alloys,  sulfldation  inhibition  is  not  obMtved  and 
the  apparent  corrosivity  of  the  fused  salt  is  enhanced. 

It  has  been  propos^  by  Go^el,  et  al  (13)  that  the  addi- 
tions of  M0O3  or  V2O5  reduce  the  oxide  ion  content  of  the 
fused  melt  to  a low  enou^  level  so  that  the  activity  of 
oxygen  ions  in  the  melt  is  less  than  that  required  for  the 
protective  oxide  scale  to  be  stable  in  the  melt.  The  oxide 
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Table  V 

Relative  Ranking  Order  of  Oxides  which  Lower  0"  Content  of  Na2$04 
All  Calculations  are  at  nOO^K 


Oxide 

Reaction 

Pso2forPoj 
equal  to  0.2  atm 
Ref.* 

AI2O3 

Na2804  + AI2O3  2NaA102  + 8O2  + 1/2  O2 

10-7.22 

Cr203 

2 N32804  + Cr203  + 1/2  O2  - 2 Na2Cr04  + 2 8O2 

10-6.12 

8i02 

Na2804  + 2 8i02  ^ Na28i205  + 8O2  + 1 /2  O2 

10-3.36 

M0O3 

Na2804  + M0O3  ^ Na2Mo04  + 8O2  + 1/2  O2 

10-3.29 

WO3 

Na2804  + WO3  Na2W04  + 8O2  + 1/2  O2 

10-2.28 

V2O5 

Na2804  V2O5  - 2NaV03  + 8O2  + 1/2  O2 

10-2.28 

Ti02 

Na2804  + 3 Ti02  ^ Na2Ti307  + 8O2  + 1/2  O2 

10+13.73 

^References  appear  in  Appendix 


scale  would  then  be  thermodynamically  unstable  and  de> 
compose  by  ionic  dis$oli:tion  into  the  melt,  thereby  allow* 
ing  the  salt  to  come  in  contact  with  and  react  with  the 
metal  alloy  substrate. 

The  stability  of  Na2S04  as  a function  of  the  partial  pres- 
sures of  O2  and  SO2  at  1200K,  constructed  from  the  data 
referenced  in  Appendix  I is  shown  in  Fig.  1 3.  Oxides  such 
as  AI2O3,  Cr203,  M0O3  and  V2O5  can  react  with  Na2S04 
to  form  alkali  compounds  such  as  NaA102,  etc.  or  acidic 
compounds  such  as  Al2(S04)3.  The  stability  fields  of 
AIO2”  - AI2O3,  Ct04“  - Cr203,  Mo04~  -M0O3,  V03~- 
V2O5,  and  AI2O3  - Al2(S04)3  are  also  shown  in  Fig.  13. 
If  the  metallic  ion  is  defuied  as  the  basic  salt,  then  the  field 
of  stability  of  the  basic  salt  lies  to  the  left  of  the  reaction 
line.  The  acidic  salts  (only  Al2($04)3  is  shown)  lies  to  the 
right  of  tne  oxide-sulfate  line  as  shown  for  the  AI2O3  - 
AI2  (504)3  reaction  line. 

As  shown  in  Fig.  13,  for  all  P02  pressures  greater  than 
10"5  atm,  Cr203  will  preferentially  react  with  (0“1  to 
form  chromates  thereby  inhibiting  the  formation  of  alkali 
aluminates.  In  a similar  fashion  V2OS  and  M0O3  should 
preferentially  react  with  oxide  ions  to  the  exclusion  of 
AI2O3  as  well  as  NiO.  The  phase  boundary  line  for  NaNiOj 
is  not  shown  since  the  necessary  free  energy  of  formation 
data  is  not  available.  However,  it  is  expected  that  the  reac- 
tion line  for  NaNiC2/NiO  lies  to  the  left  of  that  shown  for 
NaAK)2/Al203. 

It  is  possible  to  dissolve  an  AI2O3  scale  if  the  sulfur 
potential  in  the  fused  melt  is  sufficiently  increased  such 
that  sulfate  formation  occurs,  i.e. 


AI2O3  + SO2  + ~02  Al2(S04)3-  (1) 

In  terms  of  oxide  ion  concentration,  if  the  oxide  ion  content 
of  tlie  melt  can  be  reduced  to  a sufficiently  low  level, 
AI2O3  can  become  thermodynamically  unstable  and  ioni- 
cally  dissolve  to  give  Al’’^^  and  0“. 

AI2O3  dissolution  occurs  if  the  presence  of  S02(g)  pro- 
duced by  the  reaction 

V205(8)  + S04=  2 VO3-  + y O2  + 802(g),  (2) 

is  greater  than  the  pressure  required  for  reaction  (1).  The 
calculated  partial  pressures  of  SO2  corresponding  to  a wide 
range  of  oxygen  conditions  are  presented  in  Table  VI  and 
indicate  that  magnitude  of  P$02  necessary  for  ionic  dissolu- 
tion of  AI2O3  to  occur. 

These  results  indicate  that  even  at  the  very  low  oxygen 
pressures,  the  equilibrium  pressure  of  802(g)  >n  the  melt 
of  Na2804  which  contains  V2O5  will  not  be  high  enough 
to  promote  the  ionic  dissociation  of  AI2O3. 

I'he  aforementioned  calculations  are  valid  only  if  the 
activity  of  8O4'  in  the  melt  does  not  vary  significantly  from 
unity. 

If  it  is  assumed  that  the  activity  of  SO4'  departs  appre- 
ciably from  unity,  then  the  oxide  ion  content  of  the  melt 
can  be  further  decreased  from  the  calculated  value.  How- 
ever, this  infers  the  V2O5  very  rapidly  reacts  with  Na2804 
liberating  8O2  from  the  melt.  But  this  is  not  in  agreement 
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Table  VI 


Calculated  Pso2  Pressures  Over  Mx0y-Na2S04  Melts  at  Various  Pqj  Pressures 


Compound 

Reaction 

Ps02  P02  Equal  to 

0.2  atm 

I0-13-75  atjj, 

Al2(S04)3 

Al2(S04)3  ■+■  AI2O3  + SO2  1/2  O2 

104 

3.49  X 108 

[ V2O5 

V2O5  + Na2S04  2NaV03  + SO2  + 1/2  O2 

9.13  X 10“^ 

3.2  X 103 

Figur*  13.  SttWIity  fMki*  lor  NajSOg.  N«20  and  N«2S  M 1200<K. 


with  the  results  of  the  melt  experiments  described  previously 
in  which  a mixture  of  Na2S04  and  V20j  were  liquefied 
in  a quartz  tube.  Based  upon  the  results  of  the  melt  experi- 
ments, after  1 Krat900°C,  the  10  m/o  V2O5  in  the  Na2S04 
melt  had  not  completely  reacted.  Of  particular  importance 
is  the  uneven  distribution  of  VzOj  observed  in  the  inter- 
stices of  the  cellular  microstructure  (see  Fig.  II).  The 
concentration  of  this  phase  is  more  pronounced  at  the  bot- 
tom of  the  melt  than  at  the  top  as  if  the  more  dense  V2O5 
liquid  tended  to  separate  from  the  less  dense  Na2$04 
liquid.  Thus,  it  is  not  surprising  that  when  an  AI2O3  speci- 
men was  immersed  in  a Na2S04-V20j  mixture  in  which  no 
special  precautions  were  taken  to  separate  the  V2O5  from 
the  Na2S04,  some  dissolution  of  the  AI2O3  was  observed. 
However,  when  the  V2O5  was  physically  separated  from  the 
Na2S04,  and  although  mixing  of  the  two  compounds  did 
occur  (and  subsequent  lowering  of  the  oxide  content  of  the 
Na2S04),  no  measurable  weight  losses  of  the  AI2O3  speci- 
men were  observed. 

This  does  not  imply  that  ionic  dissolution  of  protective 
oxide  scales  in  acidic  Na2S04  solution  cannot  occur;  only 
that,  based  upon  the  experimental  results  reported  herein, 
the  addition  of  V2OS  to  Na2>S04  did  not  result  in  com- 
plete reaction  of  the  metal  oxide  with  the  fused  salt  and  as 
such  unreacted  V2O5  was  always  present.  Since  V2O5 


readily  reacts  with  alumina,  it  is  not  surprising  that  when 
mixtures  of  Na2S04-V205  are  applied  onto  nickel  base 
superalloys,  no  sulfidation  inhibition  is  noted  since  the 
V2O5  can  react  with  the  normally  protective  alumina  rich 
scale  and  allow  the  Na2S04  to  contact  the  sulfidation  prone 
alloys. 

The  addition  of  WO3  to  a Na2S04  coated  superalloy 
specimen  did  not  result  in  sulfldation  attack.  Sodium  sul- 
fate, Na2S04  + M0O3  and  Na2S04  + V2O5  coated  speci- 
mens underwent  severe  sulfidation  attack  when  exposed  at 
900®C.  However,  the  specimens  coated  with  Na2S04  + 
Cr203  or  Na2S04  + WO3  exposed  at  900®C  did  not  exhibit 
sulfidation  attack. 

Tungsten  trioxide  is  like  CT2O},  M0O3  and  V2OS,  in 
that  it  can  react  with  and  decrease  the  oxide  ion  concentra- 
tion of  Na2S04.  In  this  respect  WO3  is  an  acidic  oxide. 
Based  upon  the  available  thermodynamic  data  the  relative 
position  of  WO3  is  between  M0O3  and  V2O5  as  shown  in 
Table  V.  Thus,  WO3  Is  more  acidic  than  Cr203  and  M0O3. 
However,  iidiereas  the  addition  of  M0O3  to  Na2S04  coated 
superalloys  resulted  in  sulfidation  attack,  the  addition  of 
WO3  to  the  Na2S04  proved  to  be  beneficial.  In  terms  of 
relative  melting  points,  the  oxides  of  both  molybdenum  and 
vanadium  are  molten  at  the  test  temperature  whereas  the 
oxides  of  chromium  and  tungsten  are  solids. 

Oxides  such  as  V2O5  and  M0O3  were  shown  to  be  sulfi- 
dation inhibitors  for  aUoys  which  do  not  form  alumina-rich 
scales.  This  behavior  is  most  likely  related  to  the  formation 
of  refractory  and  protective  vanadates  and  molybdates, 
(Ni3(V04)2  1220'’C  and  NiMo04  1 350“C)  the  latter  shown 
tube  protective  by  Imai  (14).  The  compound  AIVO4  is  not 
refractory  and  reportedly  melts  at  650°C. 

The  addition  of  Si02  to  Na2S04  coated  B- 1900  specimens 
prevented  sulfidation  attack  from  occurring  provided  that 
the  specimen  was  not  thermally  shocked.  When  thermally 
shocked,  the  specimen  rapidly  oxidized.  Visual  examina- 
tion of  Na2S04  + Si02  coated  B-1400  alloy  specimen'.,  re- 
moved after  exposure  for  more  than  10  hrs  at  1000*’C 
revealed  the  presence  of  a glassy  scale  on  the  surface.  The 
"glass”  was  insoluble  in  water.  Based  upon  the  AI2O3- 
Si02-Na20  phase  diagram  (12),  it  is  believed  that  the  glassy 
scale  is  a sodium-aluminum  silicate,  the  soda  obtained  from 
the  Na2S04,  the  silica  applied  with  the  Na2S04  and  the 
alumina  from  the  oxide  scale  formed  on  the  superalloy 
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surface.  When  thermally  shocked,  the  glassy  phase  most 
probably  cracks;  the  cracking  due  to  the  large  stresses  which 
result  from  the  differences  in  coefficients  of  thermal  ex- 
pansion between  the  glass  and  the  substrate.  When  rein- 
serted into  the  furnace,  the  liquid  Na2S04  is  in  direct  con- 
tact with  the  substrate,  hence  sulfidation  attack  follows. 

The  initial  reaction  product  between  Si02  and  Na2SOa 
is,  based  upon  the  results  of  the  Na2S04  coated  Si3N4 
specimens,  Na2Si205.  Based  upon  the  available  thermo- 
dynamic data,  Si02  is  an  acidic  oxide  lying  slightly  above 
M0O3  in  its  ability  to  reduce  the  oxide  ion  concentration 
of  Na2S04.  (Table  V). 

Although  no  direct  experiments  were  perfoimcd  with 
Nu2S04  andTi02.  thermodynamically  tlie  oxide  Ti02  is  e.x- 
tremely  acidic,  i.c.  the  partial  pressures  of  SO2  over  Ti02- 
Na2S04  mixtures  is  greater  than  1 atm,  (Table  V).  .Since 
the  partial  pressure  of  SO2  over  M0O3  or  V205-Nu2S04 
mixtures  is  less  than  one  atm,  it  is  concluded  that  Ti02  is 
more  acidic  with  respect  to  Na2S04  than  either  M0O3  or 
V2O5.  However,  titanium  has  generally  been  regarded  as 
either  innocuous  or  a beneficial  alloying  clement  witli 
respect  to  sulfidation  attack.  In  fact  the  newer  higli  strength 
nickel  basesuperalloyssuch  as  In  792,  which  exhibit  superior 
sulfidation  resistance  than  the  alloys  such  as  Inco  713  and 
B-19(X)  contain  appreciably  more  titanium  and  significantly 
less  molybdenum,  it  should  also  be  noted  that  the  alkali 
titanates  are  solids  in  the  temperature  range  of  interest. 
The  formation  of  an  adherent  alkali  titanatc  can  prevent 
complete  reaction  between  Ti02  and  Na2S04  from  oc- 
curring, i.e.  just  as  an  adherent  AI2O3  film  prevents  oxida- 
tion of  aluminum  and  its  alloys.  The  product  of  the  reaction 
between  Cr203  and  Na2S04  is  Na2Cr04  which  is  a liquid 
completely  miscible  in  Na2S04. 

The  addition  of  molybdenum  or  vanadium  to  NiAl 
markedly  increased  the  rate  of  oxidation  of  this  refractory 
intermetallic  compound.  The  increase  in  rate  is  due  to  the 
presence  of  the  corrosive  liquid  formed  during  oxidation  of 
the  insoluble  second  phase  (molybdenum  or  vanadium). 
When  vanadium  was  present,  the  liquid  phase  V2O5  was 
formed.  When  molybdenum  was  the  alloying  element,  the 
corrosive  liquid  M0O3  was  formed  but  since  this  oxide  is 
quite  volatile,  significant  losses  of  M0O3  occurred.  It  was 
observed  during  oxidation  ofNiAI-lOw/oMo  specimens  that 
ntaterial  evaporating  from  the  surface  of  the  specimen  had 
condensed  on  the  cooler  platinum  chain  used  to  support 
the  specimen  in  the  furnace.  This  material  was  soluble 
in  water  and  the  only  metallic  ion  identified  by  qualitative 
chemical  analyses  was  molybdenum. 

When  N32S04  was  applied  onto  the  molybdenum  alloyed 
NiAl  specimens,  no  sulfidation  inhibition  was  observed  but 
the  rate  of  oxidation  was  significantly  faster  than  that  ob- 
served for  N32S04  coated  NiAl.  When  the  salts  present 
on  the  surface  of  the  salt-coated  NiAl  + 1 0 w/o  Mo  specimen 
were  chemically  analyzed  it  was  found  that  the  quantity  of 
sodium  applied  was  in  good  agreement  with  that  found 
and  likewise  with  respect  to  sulfate.  However,  in  addition 


to  sodium  and  sulfate,  soluble  molybdenum  was  also  found. 
Since  the  ratio  of  sodium  to  sulfate  has  not  changed  and 
since  M0O3  is  sparingly  soluble  in  water,  it  is  concluded  that 
the  fused  salt  present  on  the  surface  of  the  alloyed  aluminide 
specimen  consisted  of  a mixture  of  Na2S04  and  M0O3. 

CONCLUSIONS 

1.  Sulfidation  attack  can  occur  when  an  alkali  salt  con- 
denses onto  turbine  components 

2.  Initially  the  fused  salt  is  insulated  from  the  alloy  sub- 
strate by  a protective  oxide  scale. 

3.  Oxide  ions  present  in  the  melt  react  with  the  normally 
protective  oxide  scale;  the  product  of  the  reaction  is  non- 
protectivc  with  respect  to  the  alloy  substrate. 

4.  Asa  result  of  sulfide  formation,  the  oxide  ion  content 
of  the  fused  melt  is  increased  to  a sufficiently  high  level  so 
that  reformation  of  a protective  oxide  cannot  occur. 

5.  The  initiation  of  sulfidation  attack  can  be  prevented 
by  reducing  the  oxide  ion  content  of  the  fused  melt  below 
that  necessary  for  reaction  between  oxide  ions  and  the 
alumina  rich  protective  oxide  scale. 

6.  Oxides  such  as  Cr203,  Sn02,  Si02,  M0O3,  V2O5, 
WO3.  and  Ti02  can  react  with,  and  reduce  the  oxide  ion 
content  of  Na2S04. 

7.  During  oxidation  of  superalloys,  molybdenum  trioxide 
which  forms  when  molybdenum  rich  precipitates  are 
exposed  to  free  surfaces,  rapidly  evaporates. 

8.  Wlien  covered  by  a film  of  Na2S04,  the  rate  of  evap- 
oiation  of  M0O3  is  significantly  decreased.  Mixtures  of 
Na2S04  and  M0O3  occur  on  the  surface  of  the  superalloy. 

9.  Oxides  such  as  M0O3  and  V2O5  are  liquids  at  current 
metal  gas  turbine  temperatures  and  are  corrosive  liquids 
readily  capable  of  fluxing  the  alumina  rich  protective  oxide 
scale  formed  on  superalloys. 

10.  Oxides  such  as  Si02  can  react  with  oxide  ions  to 
form  alkali  silicates.  However,  alkali  silicates  can  react  with 
many  oxides  to  form  “glasses.”  The  formation  of  these 
“glasses”  can  increase  the  rate  of  oxidation  of  the  substrate 
by  consumption  of  the  normally  protective  oxide  scale.  If  as  a 
result  of  differences  in  cocfficien  ts  of  thermal  expansion,  the 
glass  is  cracked,  any  Na2S04  present  on  the  surface  will  react 
with  tlie  substrate  and  sulfidation  attack  wiil  occur. 

1 1 . Oxides  such  as  Ti02  arc  very  reactive  with  respect 
to  reducing  the  oxide  ion  content  of  Na2S04.  However  the 
formation  of  adherent  alkali  titanates  may  prevent  the  reac- 
tion between  Na2S04  and  Ti02  from  going  to  completion. 

12.  Sulfidation  attack  can  be  prevented  by  lowering  the 
oxide  ion  content  of  the  fused  melt.  However,  the  sulfida- 
tion inhibitor  must  not  in  itself  be  corrosive,  e.g.  V2O5 
and  M0O3.  In  addition  the  products  of  the  reaction  be- 
tween the  sulfidation  inhibitor  and  the  fused  melt  should 
not  be  corrosive,  e.g.  Si02  alkali  silicates.  Oxides  such  as 
Cr203  appear  particularly  beneficial  in  that  it  (a)  reduces 
the  oxide  ion  content  of  Na2S04 , (b)  is  innocuous  with 
respect  to  AI2O3,  and  (c)  the  product  of  the  reaction 
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between  Cr203  and  Na2S04  is  completely  miscible  in  the 
fused  melt.  In  this  respect  Cr203  might  be  more  effective 
than  Ti02  which  although  capable  of  readily  reducing  the 
oxide  ion  content  of  Na2S04,  can  form  an  alkali  compound 
which  separates  the  Ti02  from  the  Na2S04. 
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APPENDIX 

All  Calculations  at  1200°K 


1.  Na2S04"Na20 

Na2S04  =^5=  Na20  + SO:  + 1/2  O2 
AFrx  = +95.2  Kcal 

3Na20  = aNa2S04  ir  ) 

PSO2P0  = lo-’’-^^ 

2.  Ma2S04-Na2S 

Na2S04  ^Na2S  + 2 02 
AFrx= +151.6  Kcal 
aNa2S04  =aNa2S  ~ • 

PO2  = 10-'3’5 

3.  Na20-Na2S 

Na2S  + 3/2  O2  - Na20  + 5 O2 
^pRx  = “56.4  Kcal 

Ps02Pof-  = 10^"’-'^’ 

4.  Na2S04-Al2(S04)3 

3 Na2S04  + AI2O3  + 3 SO2  - Al2(S04)3 
+ 3 Na2S  + 9/2  O2 

AFrx  = +482.5  Kcal 

PofPso?  = 

5.  .Na2S04‘NaAI02 

N32S04  + AI2O3  - 2 NaAi02  + SO2  + 1/2  O2 
AFrx  = +41.8  Kcal 

Ps02Po!'^  = 10-’-^'' 

6.  Na2S04-V205 

V2O5  + Na2S04  2 NaV03  + SO2  + 1 /2  O2 
AFrx  = +14.5  Kcal 
Pso,Pof  - 10-1“ 


7.  Na2S04-Mo03 

M0O3  + Na2S04  ^ Na2Mo04  + SO2  + 1/2  O2 
AFrx  = +20.1  Kcal 
PsOjPol^"  = 10-3-62 

8.  Na2S04-Cf203 

2 Na2S04  + Cr203  + 1/2  O2  2 Na2Cr04  + SO2 
AFrx  = +45.3  Kcal 
PsOiPo;'^^  = 10-8-21 
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The  Mechanism 

of  Hot  Corrosion  in  Marine  Gas  Turbines 


J.  F.  G.  Conde 

Admiralty  Materials  Laboratory 
Holton  Heath,  Poole 
Dorset,  UK 


SUMMARY 

The  origins  of  corrosive  contaminants  ate  discussed  and  the 
conditions  existing  in  the  gas  turbine  are  examined.  The  chemistry 
of  contamiiunts  in  the  combustion  environment  is  introduced  and 
evidence  is  cited  to  show  that  in  the  short  residence  times  available, 
gas  phase  sulphation  of  chloride  is  not  significant.  The  mechanism  of 
salt  deposition  in  the  gas  turbine  on  nozzles  and  blades  is  considered 
briefly  and  the  role  of  the  obvious  contaminants,  sulphur,  sodium 
and  chloride  is  examined  in  relation  to  sulphidation  and  accelerated 
oxidation.  A model  is  suggested  in  which  periodically  extremely 
local  non-equilibrium  conditions  arise  on  the  surfaces  of  nozzles 
and  turbine  blades  due  to  impaction  of  sea-salt  particles.  It  is  sug- 
gested that  such  conditions  may  permit  chloride  to  destroy  the 
integrity  of  protective  scale  layers  under  low  oxygen  pressure  con- 
ditions existing  beneath  liquid  sulphate  deposits.  Additional  reac- 
tions between  scale  constituents  and  sulphate  lead  to  sulphidation 
accompanied  by  accelerated  oxidation  but  the  precise  mechanism  of 
this  latter  is  not  defined  although  several  possible  explanations  exist. 
It  is  suggested  that  carbon  and  water  vapour  are  additional  con- 
taminants which  should  be  considered  in  the  corrosion  process. 
Finally  certain  areas  are  indicated  where  definitive  information  is 
lacking  and  further  data  arc  required.  It  is  proposed  that  in  the 
future  attention  should  be  paid  to  the  influence  of  vanadium  on  hot 
conosion  if  there  is  economic  pressure  or  logistic  argument  to  employ 
other  than  low  vanadium  distillate  fuel  in  the  gas  turbine  for  marine 
or  land  based  applications. 


INTRODUCTION 

Hot  corrosion  of  metals  is  characterised  by  sulphidation 
of  surface  layers  accompanied  by  accelerated  oxidation  and 
is  associated  with  contaminants  present  in  combustion  en- 
vironments and  a film  of  condensed  alkali  metal  sulphates 
on  the  surface  of  hot  components  (see  Fig.  1).  The  phe- 
nomenon has  been  recognised  in  gas  turbines  since  about 
!9S0  and  is  most  commonly  found  in  marine  gas  turbines 
employed  for  the  propulsive  machinery  and  auxiliaries  in 
ships  but  aircraft  flying  low  over  the  sea  or  in  a marine  en- 
vironment may  also  be  affected. 

During  the  past  10  years  hot  corrosion  has  been  the  sub- 
ject of  extensive  investigation  and  there  are  several  review 
articles  (1  -S)  as  well  as  numerous  papers  dealing  with  operat- 
ing and  test  bed  experience  on  engines,  test  data  on  mate- 
rials, theoretical  aspects  and  basic  investigations  aimed  at 


establishing  the  mechanism.  This  paper  seeks  to  review 
briefly  what  is  known  of  the  mechanism  of  hot  corrosion 
and  with  the  aid  of  some  recent  data  to  propose  a model  of 
the  process. 

GENERAL  CONSIDERATIONS 

Aviation  kerosine  is  employed  in  the  aero  gas  turbine 
and  the  cheaper  dieso  fuel  or  gas  oil  in  marine  engines. 
Specifleation  limits  for  sulphur  in  gas  oil  are  normally  about 
1%  by  weight  and  typical  analyses  are  around  0.4S%.  Fuels 
for  marine  gas  turbines  are  usually  contaminated  with  sea- 
water which  contains  not  only  sodium  chloride  but  also 
significant  amounts  of  sulphur  in  the  form  of  sulphate  (ca. 
2,650  ppm). 

Sea-salt  or  seawater  aerosol  will  be  present  in  the  air  ana 
the  concentration  at  turbine  intakes  in  ships  may  range  from 
0.01  ppm  in  good  weather  to  several  ppm  in  bad  weather. 
The  concentration  and  particle  size  will  be  dependent  on 
factors  such  as  ships  speed,  height  of  intakes,  etc.  as  well 
as  weather  conditions.  Aircraft  flying  low  over  the  sea  may 
experience  salt  levek  of  up  to  0.1  ppm  at  100  ft. 

Sea-salt  contamination  levels  of  fuel  and  air  can  be  re- 
duced significantly  by  filtration  and  practical  levels  achieved 
in  RN  ships  are  about  0.3  ppm  sodium  (0.76  ppm  NaCl)  in 
the  fuel  and  O.OI  NaCl  in  the  air.  Filtration  of  air  cannot  be 
applied  in  aircraft  engines  but  aviation  fuel  must  be  water- 
free  for  safety  and  NaCl  is  not  soluble  in  kerosine. 

Fuels  for  marine  gas  turbines  may  also  contain  vanadium 
depending  on  the  grade  of  fuel  employed  but  current  RN 
fuels  contain  less  than  0.01  ppm. 

In  general,  air/fuel  ratios  in  the  gas  turbine  are  about 
50/1  by  weight.  The  fuel  will  only  bum  efficiently  at  a ratio 
of  about  15/1  and  usually  about  25  to  28%  of  the  air  is 
used  for  combustion.  The  balance  of  the  air  provides 
cooling  for  flame  tubes  and  dilution  to  reduce  the  tempera- 
ture of  the  combustion  gases  which  initially  may  be  1800 
to  2000°C.  In  advanced  engines  a few  percent  of  the  air 
may  be  used  for  nozzle  and  blade  cooling.  Aerosol  salt  in 
the  air  will  be  subjected  to  varying  temperature  histories 
and  residence  times  will  show  a distribution  about  the 
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“Break-through”  of  salt  solution  from  wet  niters  may  also 
give  rise  to  particulate  salt  which  may  escape  capture  in 
the  compressor  and  pass  into  the  hot  areas  of  the  engine. 
The  dubious  practice  of  “hot  washing”  of  compressors 
which  is  sometimes  adopted  may  also  transfer  salt  from  the 
compressor  into  the  turbine. 


COMBUSTION  CHEMISTRY 


WROUGHT  ALLOY 

Pack-Aluminised  Nimonic  115.  1st  Stage.  Turbine  Blade  run  tor 
951  h with  latt  409  h 0.01  ppm  salt  in  air  and  0.6  ppm  sodium  in 
fuel.  Peak  temperature  87(f  C.  X 375 


A ■ ' 


CAST  ALLOY 

Pacfc-Aiuminised  IN  738  test  specimen  after  200  h,  750°C,  1.0  ppm 
seaealt,  in  AML  Low  Pressure  combustion  test  rig.  X 375 

Figure  1.  Typical  hot  corrosion  effocts. 


Whilst  theimodypamic  considerations  and  thermocheini* 
cal  calculations  can  lead  to  a much  better  insight  into  the 
chemistry  of  the  combustion  environment,  in  practice  the 
kinetics  of  the  various  chemical  reactions  taking  place  in 
the  environment  may  be  overriding.  This  is  pcrticularly 
relevant  to  gas/liquid/solid  equilibria  in  the  gas  turbine 
where  residence  times  in  the  combustion  system  may  be 
only  S milliseconds.  Thus  the  short  residence  combustion 
chemistry  of  the  environment  is  of  crucial  importance. 

The  major  chemical  reagent  responsible  for  hot  conudon 
is  generally  assumed  to  be  sodium  sulphate  (Na2S04)  and 
a secondary  or  unimportant  role  is  often  attributed  to  sodium 
chloride  (NaCl).  The  thermodynamics  of  formation  and 
reactivity  of  sodium  sulphate  have  been  well  covered  in  the 
literature  (8).  It  is  assumed  that  sodium  chloride  reacts 
with  SO2 , SO3  and  water  vapour  formed  by  combustion  of 
sulphur  present  in  the  fuel.  This  conversion  or  sulphation 
reaction  may  be  represented: 


2NaCI  + S02+~02+H20 
2 NaCl  + SO3  + H2O 


Na2S04  + 2HCl  (1) 


Na2S04  + 2HCl  (2) 


Further  sulphate  may  arise  from  sea-salt  as  stated  earlier. 

it  should  be  noted  that  conditions  may  favour  the  for- 
mation of  SO3  due  to  the  high  pressure  in  the  combustion 
zone  and  possible  catalytic  activity  on  the  hot  metal  walls 
of  the  combustion  chamber  (6).  A high  excess  air  level 
may  also  favour  formation  of  SO3 . 

The  proportion  of  sea-salt  exposed  to  initial  combustion 
will  be  completely  dissociated  (6)  and  at  high  temperatures 
(1800-2000'’C)  the  reaction  to  smlium  hydroxide  may  be 
favoured; 


mean  (6).  The  quenching  effect  of  cooling  air  may  lead  to 
certain  chemical  species  surviving  at  levels  in  excess  of  equi- 
librium at  the  subsequent  lower  temperature  levels. 

Recent  measurements  made  on  a G6  compressor  (7) 
under  simulated  salt  ingestion  conditions  with  a mean  aerosol 
concentration  at  the  inlet  of  0.027  ppm  NaCl  have  indi- 
cated that  with  an  initially  clean  compressor  up  to  90%  of 
the  salt  intake  was  removed  by  the  compressor,  it  follows 
that  if  effective  compressor  cleaning  is  not  carried  out  regu- 
larly pieces  of  salt  may  break  away  from  deposits  on  com- 
pressor blades,  casings,  etc.  and  pass  into  the  engine. 


NaCl  (vapour)  + H2O  NaOH  (vapour)  + HCI  (3) 

This  reaction  is  likely  to  go  to  completion  at  low  concentra- 
tions of  chloride.  However  it  may  be  that  dissociation  of 
NaCl  is  suppressed  by  the  presence  of  SO2  (6,9)  due  to  the 
reaction  between  atomic  hydrogen  and  SO2  being  favoured 
thus  disturbing  the  dissociation  reaction  to  the  left,  i.e. 

NaCl  + H ^ Na  + HCI  (4) 

At  lower  temperatures  NaOH  may  be  ccmverted  to  Na2$04 : 


!8 


2 NaOH  (vapour)  + SO2  + "^  O2 

Na2S04  (vapour)  + H2O  (5) 


i 
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The  kinetics  of  the  reactions  leading  to  formation  of 
Na2S04  have  been  studied  using  a controlled  mixing  history 
combiistor  (6)  which  permits  the  progress  of  the  reactions 
to  be  followed  in  relation  to  residence  time  by  the  technique 
of  isokinetic  sampling.  Residence  times  of  up  to  1 6 milli- 
seconds hav.';  been  examined.  The  rig  is  operated  at  atmos- 
pheric pressure  but  the  contaminant  level  is  raised  over  the 
practical  levels  in  order  to  keep  the  product  (ppm  X vapour 
pressure)  constant.  The  gas  velocity  is  152  ms  (500  fs). 

The  results  obtained  up  to  the  present  ere  indicated  in 
Fig.  2 which  shows  the  effect  of  NaCI  concentration  in  the 
air,  sulphur  content  of  the  fuel  ana  gas  temperature,  on 
sulphation  rate.  Gas  piiase  sulphation  is  clearly  very  limited 
in  residence  times  as  low  as  those  in  the  gas  turbine.  The 
presence  of  sulphate  in  sea-salt  is  likely  to  reduce  gas  phase 
sulphation  still  further.  The  small  effect  of  increased  gas 
temperature  is  attributable  to  NaCI  being  therniodynamicaliy 
favoured  and  the  equilibrium  sulphate  concentration  is 
lower,  although  the  rate  of  sulphation  is  increasing  with 
temperature.  The  SO2  level  increases  over  a finite  period 
and  sulphation  rate  increases  with  time.  The  effect  of  salt 
concentration  is  in  agreement  with  predictions  from  thermo- 
dynamic equilibria  which  indicate  that  the  sulphate/chloride 
equilibrium  is  not  influenced  by  the  initial  salt  concentration 
provided  that  this  is  low  compared  with  the  partial  pres- 
sures of  the  combustion  products,  it  should  be  noted  that 
even  at  0.1%  sulphur  in  the  fuel  it  is  present  in  amounts  far 
in  excess  of  stoichiometric  in  relation  to  NaCI  at  the  concen- 
tration levels  considered. 

In  support  of  the  combustor  studies  and  based  on  equa- 
tions 3 and  5 above  for  which  the  free  energy  change  rela- 
tionships are  known,  the  equilibrium  partial  pressures  of 
N32S04,  NaCI,  NaOH  and  HCI  have  been  computed  (6)  for 
a range  of  temperatures  and  gas  compositions.  These  cal- 
culations indicate  that  if  steady  state  low  concentration 
conditions  exist  around  the  nozzles  and  blades  and  there  is 
time  for  equilibrium  to  be  achieved  then  at  temperatures 
below  about  925'’C  Na2S04  and  HCi  will  be  the  major  con- 
stituents. At  higher  temperatures  NaOH,  HCI  and  NaCI  are 
favoured.  Salt  concentration  has  little  effect  on  the  equilib- 
rium level  of  Na2S04  and  hence  the  Na2S04  concentration 
is  a function  of  temperature.  At  1225°C  the  equilibrium 
concentration  of  Na2S04  is  about  8.5%  and  hence  in  the 
combustion  zone,  even  if  residence  times  were  sufficiently 
great,  the  amount  of  sulphate  already  present  in  sea-salt 
represents  a super-equilibrium  concentration. 

During  start-up  of  the  gas  turbine  incomplete  combustion 
is  a common  phenomenon  and  particulate  carbon  or  soot 
may  form.  It  has  been  found  (10)  that  particles  up  to 
lOOOA  in  size  may  occur.  In  addition  pyrolysis  of  fuel  may 
occur  at  the  burner  leading  to  build-up  of  pyrolytic  carbon 


Figurt  2.  Gaf  phaM  ulpha  ion  of  aodtaim  chlorida  IRaf.  6) 


deposits  on  burner  components.  Such  deposits  may  break 
away  during  operation  of  the  engine  and  particles  of 
pyrolytic  carbon  of  much  higher  density  than  porous  soot 
particles  may  pass  through  the  system. 


SALT  DEPOSITION  PROCESSES 

The  mechanisms  by  which  solid  or  liquid  particles  or 
vapour  carried  in  a gas  stream  may  be  deposited  onto  sur- 
faces are  reasonably  well  understood  (11).  Provided  that  the 
sizes  of  the  particles,  their  diffusion  coefficients  and  the 
velocity  field  of  the  gas  can  be  established  then  it  is  in 
principle  possible  to  predict  deposition  in  a system. 

Large  particles  of  sea-salt  formed  from  salt  solution 
droplets  in  the  air  entering  the  compressor  or  similar  particles 
breaking  away  from  filter  or  compressor  deposits  may  be 
sufficiently  large,  even  after  partial  evaporation,  to  deposit 
on  nozzles  and/or  blades  by  imnaction.  Somewhat  smaller 
particles  may  evaporate  to  a greater  extent  but  not  neces- 
sarily completely  and  may  reach  the  nozzles/blades  by  one 
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of  several  diffusion  processes.  Smaller  particles  will  vaporise 
completely  and  the  vapour  may  diffuse  to  nozzle  and  blade 
surfaces  and  condense  there  if  the  surface  temperature  is 
below  the  dewpoint  of  the  vapour.  Evaporation  times  for 
NaCl  and  Na2S04  particles  in  the  size  range  0.01  to  10 
micrometres  at  an  ambient  pressure  of  10  atmospheres  have 
been  calculated  (11)  and  are  shown  in  Fig.  3.  It  will  be 
noted  that  at  the  same  temperature  a given  size  of  NajSOa 
particle  may  survive  about  10  times  as  long  as  the  same 
size  particla  of  NaCl. 

Vapour  pressure  data  for  both  NaCl  and  Na2S04  are  by 
no  means  definitive  since  considerable  discrepancies  exist 
between  data  from  various  sources.  Such  data  have  been  pre- 
sented in  both  the  open  and  unpublished  literature  (8,1 1). 
Data  on  partial  pressure  and  concentration  in  relation  to 
dewpoint  temperature  have  been  collated  (11)  and  are 
shown  in  Tables  1 and  2 together  with  the  original  source. 
It  will  be  noted  that  the  vapour  pressure  of  Na2S04  is  lower 
than  that  of  NaCl  and  hence  the  sulphate  can  survive  as 
liquid  on  hot  surfaces  at  higher  temperatures  than  can  the 
chloride.  Total  system  pressure  in  relation  to  salt  concen- 
tration wilt  have  a significant  effect  and  in  general  terms, 
below  dewpoint  temperatures  where  condensation  is  pos- 
sible, the  increase  in  amount  of  condensed  salt  will  be  di- 
rectly proportional  to  the  pressure  rise  (8,1 1)  as  may  be 


seen  by  comparing  the  data  in  Tables  1 and  2.  The  system 
pressure  in  current  marine  gas  turbines  may  be  up  <o  10 
atmospheres  and  higher  pressure  latios  obtain  in  more  ad- 
vanced aero-engines. 

Sea-salt  is  a complex  mixture  with  a melting  point  of 
about  757®C  (18)  compared  with  801  °C  for  NaCl  and  890®C 
for  N32S04.  The  vapour  pressure  in  complex  mixtures  will 
be  lower  than  the  respective  vapour  pressures  of  the  pure 
individual  salts  and  hence  “sea-salt  vapour”  might  be  ex- 
pected to  condense  at  somewhat  higher  temperatures  than 
either  NaCl  or  Na2S04  separately.  Even  if  sodium  sulphate 
condenses  and  not  NaCl  then  some  chloride  may  be  ab- 
sorbed from  the  vapour  phase  by  the  Na2S04.  It  has  been 
observed  that  Na2S04-NaCl  mixtures  are  very  nearly  ideal 
(19)  and  hence  the  concentration  of  NaCl  in  the  condensed 
sulphate  phase  (20)  at  any  particular  temperature  w31  be 
proportional  to  the  concentration  of  NaCl  in  the  gas  at 
that  temperature. 

In  corrosion  rig  experiments  (8)  it  has  been  noted  that 
deposits  may  form  under  conditions  where  theory  would 
predict  no  condensation.  This  has  also  been  found  in  more 
recent  combustion  rig  studies  in  the  United  Kingdom  (21) 
where  at  a sea-salt  concentration  level  of  about  0.1  ppm 
deposits  are  formed  on  test  blades  at  temperatures  as  high 
as900*’C  and  slightly  above  one  atmosphere  system  pressure. 


FIgumS.  Evaporation  timM  for  NaCl  and  Na2S04dropl«f(R*f.  7), 


This  may  be  due  to  local  (emperature/pressure  gradients  or 
impaction  of  particles  arising  from  deposits  formed  in  the 
system. 

It  has  been  observed  (IS)  that  supercooling  of  NaCI 
deposits  may  occur  where  vapour  condenses  on  surfaces 
and  hence  deposits  may  remain  liquid  at  temperatures 
lower  than  the  nominal  melting  point  of  the  salt  or  mix- 
ture. Supercooling  of  !90°C  has  been  found  with 
NaCl. 


MECHANISM  OF  HOT  CORROSION 

Complete  elucidation  of  the  mechanism  of  hot  corrosion 
requires  understanding  of  processes  occurring  in  the  gas 
phase,  the  condensed  sulphur  containing  deposit  on  hot 
surfaces,  the  complex  layer  of  corrosion  products  on  the 
metal  under  the  deposit  and  the  metal  itself.  The  alloy 
chemistry  of  the  superalloys  employed  in  gas  turbines  is 
complex  and  significant  detailed  differences  in  corrosion 
behaviour  and  also  in  the  mechanism  of  the  process  are  to 
be  expected  on  the  basis  of  the  synergistic  effects  of  alloy- 
ing elements. 

As  shown  earlier,  consideration  of  the  fluid  dynamic 
situation  in  the  engine,  particularly  residence  times  of  con- 
taminants in  the  combustion  zone  in  relation  to  the  kinetics 
of  certain  of  the  postulated  chemical  reactions,  leads  to  the 
conclusion  that  thermodynamic  equilibrium  is  unlikely. 
The  gas  phase  situation  must  be  considered  as  one  of  non- 
equilibrium.  Processes  occurring  within  deposits  formed  on 
nozzles  or  blades  by  condensation  or  impaction  where 
residence  times  may  be  extended  may  be  subject  to  tran- 
sient perturbations  of  equilibrium.  The  probability  that 
sizeable  sea-salt  particles  breaking  away  from  deposits  on 


niters,  compressor  blades  or  casings,  even  after  some  attri- 
tion or  evaporation  by  their  subsequent  passage  llirough  the 
engine,  will  impact  unto  surfaces  must  lead  to  local  transient 
conditions  far  removed  tVom  equilibrium.  It  would  appear 
that  it  is  the  fine  structure  of  deposits  which  is  important 
rather  than  *he  overall  average  composition. 

It  has  often  been  assumed  that  chloride  does  not  play  a 
significant  part  in  the  hot  corrosion  process  largely  because 
chloride  has  seldom  been  detected  in  post  mortem  examina- 
tions of  deposits  on  corroded  components.  In  addition 
certain  experimental  data  obtained  at  9S0°C  and  above  have 
tended  to  support  this  contention.  The  kinetics  of  the  sul- 
phation  reaction  (conversion  of  NaCl  to  Na2S04)  and  the 
volatility  of  clilorides  are  such  that  it  is  not  surprising  that 
chloride  is  not  found  in  deposits.  At  temperatures  above 
9(X)°C  where  volatility  of  chloride  is  high  and,  in  general, 
with  most  superalloys,  oxidation  predominates,  the  influence 
of  chloride  may  be  less  significant  than  in  the  range  7(X)  to 
9(X)‘’C  where  the  greatest  rates  of  sulphidation/oxidation 
are  normally  found. 

In  a recent  review  paper  (22)  the  author  has  attempted  to 
examine  the  roles  of  sulphur,  sodium  and  chloride  in  hot 
corrosion  and  for  a more  detailed  account  the  reference 
should  be  consulted.  The  present  paper  is  intended  only  to 
highlight  significant  new  data  which  have  a bearing  on  the 
mechanism  and  to  present  these  in  the  context  of  existing 
information. 

The  short  residence  combustion  chemistry  indicates  that 
sodium  chloride  as  vapour,  liquid  or  solid  can  exist  in  the 
high  temperature  nozzle  or  blade  area.  This  existence  will 
be  transitory  since  under  the  highly  oxidising  conditions 
alkali  chlorides  will  be  thermodynamically  unstable  at  pre- 
vailing temperature  levels  and  will  be  rapidly  converted  to 
sulphate.  Reaction  of  chloride  to  form  volatile  heavy  metal 


Table  1 Table  II 

NaCl  Dewpoint  Temperature  Data  Na2S04  Dewpoint  Temperature  Data 


Na2S04  Concentration 

Dewpoint  Temperature  °C 

mm  Hg 

ppm 

(16) 

(17) 

Derived  from 
(14,15) 

1.53  X 10-2 

100 

883 

884 

827 

1.53  X 10-3 

10 

727 

814 

687 

1.53  X lO--* 

1 

612 

758 

612 

1.53  X 10-3 

0.1 

514 

707 

492 

1.53  X 10-6 

0.01 

437 

654 

422 

NaCl  Concentration 

Dewpoint  Temperature  °C  j 

mm  Hg 

ppm 

(12) 

(13) 

(14,15) 

0.25 

660 

775 

749 

760 

0.11 

290 

747 

705 

793 

1 

0.005 

145 

718 

676 

707 

3.8  X lO-'l 

1 

567 

- 

- 

3.8  X 10-3 

0.1 

517 

- 

- 

3.8  X 10-6 

0.01 

456 

~ 

- 
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chlorides  U only  feasible  under  conditions  of  low  oxygen 
partial  pressure  (23): 

2 NaCI  + SO2  + -jOj  + MO 

(liquid  or  solid) 

MCI2  + N32S04 

(volatile)  (liquid  or  solid)  (6) 

Direct  attack  by  vapour  phase  chloride  (i.e.  NaCl  or  HCl) 
is  not  likely  due  to  the  hi^  level  of  excess  oxygen. 

Where  a liquid  deposit  of  sodium  sulphate  plus  other 
contaminants  exists  on  surfaces  then  an  impacting  particle 
of  sea-salt,  which  may  be  part  liquid/part  solid,  may  pene- 
trate the  liquid  film  and  come  to  rest  in  contact  with  the 
deposit/scale  interface.  The  viscosity  of  the  deposit  may  be 
such  that  the  particle  is  held  by  surface  tension  forces  or  the 
surface  rougliness  be  such  that  mechanical  adhesion  operates 
(as  for  example  in  a pit).  Conditions  at  the  deposit/scale 
interface  may  be  sufficiently  reducing  that,  very  locally,  ap- 
preciable equiliorium  pressures  of  heavy  metal  chlorides  are 
generated.  Scales  on  superalloys  may  contain  chromium, 
nickel,  cobalt,  titanium  and  aluminum  all  of  which  form 
volatile  chlorides  which  may  rapidly  diffuse  away  from  the 
initial  point  of  formation.  Clearly  formation  of  volatile 
metal  chlorides  is  in  competition  with  other  processes  such 
as  melting  and  diffusion  or  convective  mixing,  evaporation 
and  sulphation  which  may  dissipate  a local  high  sodium 
chloride  concentration. 

The  dramatic  and  destructive  effects  of  solid,  liquid  and 
gaseous  sodium  chloride  on  the  integrity  of  scales  formed  on 
superalloys  is  now  well  demonstrated  (21,25,26,27).  The 
effects  of  sodium  chloride  and  sea-salt  in  contrast  with 
sodium  sulphate  have  been  studied  at  AML  on  a number  of 
superalloys  over  a range  of  temperature  from  750  to  950®C 
employing  specimens  heated  in  air  with  crystals  of  the  salts 
on  the  surface.  The  effects  found  on  the  surface  of  Nimonic 
90  (18/21%  Cr;  15/21%  Co;  5%  Fe;  1.8/3.0%  Ti;  0.8/2.0% 
Al;  Bal.  Ni)  at  850°C  are  shown  in  the  series  of  scanning 
electron  micrographs  in  Fig.  4.  Spalling  of  the  oxide  oc- 
curred on  cooling  specimens  coated  with  NaCI  or  sea-salt 
but  the  oxide  remained  much  more  adherent  with  Na2S04. 
A significant  feature  of  this  study  has  been  that  resistance 
to  chloride  apparently  decreases  with  inaeasing  chromium 
content  in  distinction  to  attack  in  the  presence  of  sodium 
sulphate  where  the  reverse  applies  and  higher  chromium 
alloys  are  more  resistant.  Reactions  with  sodium  chloride 
may  be: 


2 NaCI  + NiO  = NiC^  + Na20  (7) 

4 NaCI  + Cr203  = 2 CrCl2  + 2 Na20  + JO2  (8) 


However  it  has  been  suggested  (28)  tliat  for  the  heavy  metal 
chlorides  to  be  stable  Na20  must  be  removed  by  volatilisa- 
tion or  formation  of  NaOH  by  reaction  with  water  vapour 
or  some  alternative  mechanism.  The  water  vapour  concen- 
tration in  the  combustion  products  will  be  about  5%  and 
hence  NaOH  formation,  is,  in  principle,  feasible.  Additions 
of  Cr203  apparently  inhibit  both  attack  by  chloride  and 
sulphate  (21,  29).  The  overall  reaction  with  chloride  may 
be: 

2 Cr203  + 502  + 8 NaCI  = 4 Na2Cr04  + 4 Cl2  (9) 

24  NaCI  + 10  Cr203  + 9O2  = 12  Na2Cr04  + 8 CrC^  (10) 

(volatile) 

The  effect  of  extraneous  CT2O3  in  the  inhibition  of 
chloride  attack  may  be  to  provide  a source  of  heavy  metal 
cldoride  other  than  the  protective  oxide  scale.  The  mecha- 
nism in  the  case  of  sulphate  attack  is  somewhat  different 
(29)  as  discussed  later. 

A further  possible  effect  of  chloride  may  be  to  reduce  the 
melting  point  of  deposits  (cf.  melting  point  of  sea-salt) 
leading  to  corrosion  at  lower  temperatures.  Recently,  NaCI 
has  been  shown  to  increase  the  wetting  properties  of  fused 
Na2S04  deposits  (30)  enabling  films  to  spread  more  exten- 
sively. Reactivity  of  oxides  with  chloride  will  be  related  to 
the  work  necessary  to  remove  ions  from  oxides  (31)  and  this 
may  be  significant  in  hot  corrosion  since  this  parameter  in- 
creases in  the  order  chromium,  aluminum,  titanium,  tan- 
talum, molybdenum,  tungsten. 

Sodium  sulphate  is  generally  recognised  as  the  source  of 
sulphur  leading  to  internal  sulphidation  in  hot  corrosion  and 
since  reduction  of  the  sulphur  content  of  fuel  (32,33)  to  as 
low  as  0.0002%  does  not  prevent  sulphide  formation  it  is 
likely  that  sea-salt  can  provide  sufficient  sulphur.  The 
morphology  of  sulphide  found  in  hot  corroded  materials  is 
indicative  of  a low  partial  pressure  process  and  this  is  in 
keeping  with  thermodynamic  reasoning  (34).  Beneath  a 
Na2S04  deposit  the  oxygen  potential  will  be  low  and  the 
sulphur  potential  may  be  sufficient  to  form  metal  sulphides. 

I'he  thermochemical  and  thermodynamic  bases  of  attack 
by  fused  sulphates  or  simultaneous  attack  by  two  oxidants 
have  been  well  documented  in  the  literature  (28,34,35,36). 
Where  the  two  oxidants  are  oxygen  and  sulphur  then  pro- 
vided that  transport  of  sulphur  can  occur  through  the  oxide 
layer  (formed  due  to  the  greater  affinity  of  the  metal  for 
oxygen  compared  with  sulphur)  sulphide  may  form  in  the 
metal  beneath  the  scale  where  oxygen  activity  is  low.  Dif- 
fusion of  sulphur  through  Cr203  has  been  demonstrated 
(37)  and  hence  concurrent  oxidation/sulphidation  reactions 
are  feasible. 

It  has  been  inferred  from  thermodynamic  reasoning  that 
once  sulphides  have  formed  in  an  alloy  they  will  persist  and 
migrate  inwards  under  oxidising  conditions  (34)  and  this 
has  recently  been  demonstrated  on  pre-sulphidised  samples 
of  an  85%  Ni;  15%  Cr  alloy  (38).  The  self  regenerating 
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mechanisms  of  sulphide  propagation  were  thou^t  to 
be: 

2Cr3S4  + 90  SCrsOa  + 8S  (11) 
8S  + 6Cr 2^384  (12) 

Nickel  sulphide,  if  present,  was  considered  to  react: 

Ni3S2  + 20  NiO  + 28  (13) 

The  sulphur  diffusing  to  form  further  chromium  sulphide. 

The  accelerated  oxidation  occurring  during  hot  corrosion 
has  been  attributed  in  some  part  to  the  local  depletion  of 
chromium  occurring  adjacent  to  sulphide  particles  (37) 
but  not  all  investigators  are  agreed  on  this  inference.  It  has 
also  been  suggested  (29,39)  that  it  is  only  when  sulphides 
are  formed  in  the  external  scale  layer  that  accelerated  oxi- 
dation occurs.  However,  in  general,  the  sulphide4nduced 
accelerated  oxidation  mechanism  is  favoured  only  for  low 
aluminum  nickel  base  alloys  which  do  not  form  AI2O3 
scales. 

Evidence  that  accelerated  oxidation  is  not  related  either 
to  a depleted  zone  or  to  preferential  oxidation  of  sulphides 
has  been  provided  by  other  investigators  (40,41)  who 
demonstrated  that  the  effect  could  be  due  to  reactions 
between  sodium  oxide  and  the  substrate  alloy. 

On  the  \>asis  of  thermochemistry  it  has  been  suggested 
(28)  that  certain  alloying  elements  present  in  superalloys  are 
able  to  promote  the  corrosion  reaction  by  the  ability  of  their 
oxides  to  combine  with  Na20  to  form  chromates  or  alumi- 
nates.  The  incubation  period  in  hot  corrosion  is  consistent 
with  the  need  for  elements  which  promote  hot  corrosion 
to  be  in  the  oxide  form,  i.e.  a period  of  initial  oxidation. 
It  has  also  been  argued  that  similar  elements  can  act  to 
retard  corrosion  by  formation  of  stable  sulphides  which 
may  be  oxidised  subsequently  to  release  sulphur  to  form 
further  sulphides.  The  relative  balance  between  inhibition 
'Slid  acceleration  must  be  dependent  on  alloy  chemistry. 

There  now  appears  to  be  some  agreement  that  formation 
of  Na20  is  probably  the  essential  step  in  the  accelerated 
oxidation  process.  However  the  suggestion  that  formation 
of  mixed  oxides  such  as  chromate  or  aluniinate,  with  atten- 
dant effects  on  the  co-stability  of  oxides  aiul  sulphides,  is  a 
necessary  condition  for  sulphide  formation  has  l.en  chal- 
lenged (29).  It  has  been  proposed  (29)  that  oxidation  of 
nickel  to  NiO  reduces  the  oxygen  activity  to  a level  where 
sulphides  can  form  and  that  removal  of  sulphur  from 
Na2804  increases  the  oxide  ion  concentration  by  decreasing 
the  SO3  pressure: 

80^  = 0^  + 8O3  = O'"  + ^82  + |02  (14) 

The  sulphur  activity  of  the  Na2$04  will  reduce  as  oxide 
ion  production  occurs.  This  mechanism  was  tested  (29)  by 


oxidising  nickel  in  Na2804  with  and  without  additions  of 
Cr203  which  would  be  expected  to  accept  oxide  ions  and 
decrease  the  activity: 

Cr203  + |02  + 202-  = 2CrO^  (15) 

With  Cr203  the  oxidation  rate  was  reduced.  It  is  further 
postulated  that  NiO  is  insoluble  in  Na2804  unless  Na20  is 
present  when  Na2Ni02  is  formed  which  decomposes  at  the 
molten  salt/gas  interface  to  NiO  and  Na20.  This  process  in- 
hibits the  formation  of  a protective  scale  layer  and  oxida- 
tion is  rapid.  The  presence  of  Cr203  decreases  the  Na20 
activity  and  prevents  dissolution  of  the  protective  NiO  scale. 

There  has  been  a great  deal  of  emphasis  in  studies  on  the 
mechanism  of  hot  corrosion  on  the  effects  of  sodium  chlo- 
ride and  sodium  sulphate  but  little  attention  has  been  paid 
to  water  vapour  and  carbon  which  are  present  in  the  gas 
turbine  environment.  Whilst  water  vapour  is  always  present 
carbon  may  only  arise  intermittently.  The  presence  of  water 
vapour  is  an  essential  prerequisite  of  many  of  the-  reactions 
which  arc  postulated  and  will  not  be  discussed  fu'.1her.  Car- 
bon may  play  a crucial  role  in  certain  stages  of  hot  corrosion. 
If  carbon  particles  impact  onto  salt-coated  surfaces  then 
even  though  they  may  have  an  extremely  transient  exis- 
tence in  the  highly  oxidising  environment  they  may  lead, 
locally,  to  reducing  conditions,  particulariy  if  they  are  im- 
mersed in  the  liquid  salt  film.  Whilst  the  effect  may  not  be 
a major  factor  it  will  certainly  make  some  contribution 
particularly  when  considered  in  conjunction  with  chloride. 

A further  area  which  is  of  interest  is  the  influence  of 
low  levels  of  vanadium  in  the  presence  of  sea-salt  contami- 
nation. The  influence  of  vanadium  content  has  been  studied 
extensively  in  the  past  in  connection  with  burning  low-cost 
residual  fuels  in  the  gas  turbine  and  its  corrosive  effects  are 
well  documented.  However  most  of  these  data  refer  to 
vanadium  levels  of  7 ppm  or  greater.  More  recently  experi- 
mental data  on  the  effects  of  2 and  10  ppm  vanadium  in  fuel 
with  and  without  sodium  salt  contamination  have  been 
published  (42).  The  effect  of  the  two  contaminants  to- 
gether was  greater  than  either  separately  and  both  nickel 
and  cobalt  base  superalloys  showed  characteristic  sulphida- 
tion effects.  Clearly  the  mechanism  by  which  low  levels  of 
vanadium  enhance  hot  corrosion  damage  requires  further 
investigation. 

DISCUSSIONS  AND  CONCLUSIONS 

The  mechanism  of  hot  corrosion  is  clearly  complex  and 
whilst  the  overall  products  can  be  identifled  unstable  inter- 
mediate products  may  not  be  found  in  post-mortem  ex- 
aminations. On  the  basis  of  the  available  evidence  it  seems 
likely  that  a variety  of  mechanisms  may  operate  separately 
or  together  and  the  rate  controlling  process(es)  must  de- 
pend on  the  constitution  of  alloy,  the  precise  nature  of  the 
environment  and  the  particular  temperature. 
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Some  progress  has  been  made  towards  elucidation  of  the 
processes  occurring  in  the  environment;  in  particular  the 
effect  of  short  residence  times  on  the  persistence  of  chloride 
has  been  established.  There  can  be  no  doubt  that  chloride 
exists  in  those  areas  of  the  turbine  where  hot  corrosion  is 
found.  The  processes  of  condensation  and/or  impaction 
require  further  investigation  but  in  general  terms  it  must 
be  assumed  that  chloride  plays  a crucial  role  in  the  mecha- 
nism of  hot  corrosion.  Quite  apart  from  providing  a source 
of  sodium  for  the  formation  of  sodium  sulphate  it  seems 
highly  probable  that  the  major  role  of  chloride  is  in  initially 
destroying  the  integrity  of  protective  scale  layers.  Thermal 
cycling  is  a normal  phenomenon  in  the  gas  turbine  and 
thermal  shock  combined  with  chloride  effects  can  be  as- 
sumed to  result  in  inhibition  of  the  formation  of  protective 
layers.  Althou^  chloride  must  have  a transient  existence 
if  deposited  on  nozzles  or  blades  its  intermittent  or  con- 
tinuous replenishment  may  also  provide  secondary  effects 
in  promoting  reduction  in  the  melting  point  of  deposited 
salts  and  also  in  inaeasing  wetting  properties.  These  effects 
may  result  in  hot  corrosion  at  lower  temperatures  and  over 
more  extensive  areas  of  components.  This  combined  with 
the  volatility  of  deposits  may  control  the  lower  and  upper 
temperatures  at  which  the  sulphidation/accelerated  oxida- 
tion effect  is  found. 

The  manner  in  which  Cr203  inhibits  the  effect  of  chloride 
requires  further  examination  particularly  in  the  light  of  the 
apparently  contradictory  finding  that  alloys  of  higher 
chromium  content  are  more  rapidly  attacked  by  chloride. 

Whilst  initially  the  role  of  sulphur  is  to  form  alkali 
sulphate  deposits  by  sulphation  of  sea-salt,  it  ultimately  re- 
sults in  the  formation  of  stable  sulphides  under  scale  layers 
in  positions  of  low  oxygen  activity.  Once  sulphides  are 
formed  it  seems  certain  that  even  under  conditions  where 
the  matrix  of  the  alloy  is  being  progressively  oxidised,  the 
sulphur  released  by  oxidation  of  the  sulphide  will  be  con- 
served and  migrate  inwards  to  form  further  sulphide. 

The  influence  of  sulphide  formation  in  inducing  accel- 
erated oxidation  by  impoverishment  of  the  matrix  in  ele- 
ments promoting  oxidation  resistance  is  arguable.  In  cer- 
tain types  of  alloy  the  presence  of  sulphide  in  oxide  layers 
can  be  associated  with  enhancing  oxidation  rates  by  pro- 
viding rapid  diffusion  paths  for  oxygen. 

There  is  growing  evidence  that  tl  e most  important  factor 
in  the  accelerated  oxidation  effect  is  sodium  oxide  although 
there  are  conflicting  opinions  as  to  the  precise  mechanism  by 
which  sodium  oxide  produces  this  effect.  On  the  one  hand 
formation  of  mixed  oxides  such  as  chromates  or  aluminates 
is  cited;on  the  other  there  is  evidence  that  it  is  the  oxide  ion 
activity  which  is  rate  controlling  and  that  oxides,  such  as 
Cr203,  which  can  accept  oxide  ions  produce  an  inhibiting 
effect. 

Existing  information  on  the  mechanism  of  hot  corrosion 
provides  some  rational  basis  on  which  to  explain  the  im- 
provement in  hot  corrosion  resistance  shown  by  certain  of 
the  recently  developed  alloys  of  higher  chromium  content. 


Such  information  may  also  provide  useful  pointers  to  further 
progress  in  development  of  alloys  and  protective  coatings  or 
diffusion-bonded  claddings.  However,  whilst  the  available 
thermochemical  and  experimental  data  enable  the  behaviour 
of  certain  alloying  elements  to  be  explained  with  some  re- 
liability, there  are  clearly  gaps  in  existing  knowledge  on  the 
synergistic  effects  of  alloying  elements  which  make  the 
prediction  of  alloy  response  uncertain. 

Final  elucidation  of  the  complex  mechanism(s)  of  hot 
corrosion  must  rely  on  more  precise  determination  of  the 
thermochemical  data  which  are  lacking,  further  elucidation 
of  the  part  processes  leading  to  sulphidation  and  accelerated 
oxidation,  and  more  detailed  information  on  the  environ- 
ment and  deposition  processes  within  the  gas  turbine.  In 
addition  to  sodium  chloride  and  sodium  sulphate  there  are 
clearly  other  chemical  species  present  in  the  environment 
which  play  an  important  role  and  in  particular  the  influence 
of  carbon  and  water  vapour  requires  further  investigation. 
The  role  of  vanadium  will  need  to  be  investigated  if  eco- 
nomics or  logistics  dictate  the  use  of  fuels  having  higher 
contents  of  vanadium  than  the  current  low  levels. 
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The  use  of  phase  stability  diagrams,  or  isothermal  Pourbaix-type  diagrams,  can  be  helpful  in  visualizing  chemical 
interactions  occurring  during  corrosion.  For  more  complex  systems,  involving  more  than  four  reactive  components 
and  which  may  be  difficult  to  depict  in  a two-dimensioail  plane,  consideration  of  the  simultaneous  values  of  chemical 
potentials  existing  throughout  the  system  can  be  useful.  A basic  assumption  here  is  that  local  thermodynamic  equilib- 
rium exists  throughout  each  phase,  and  that  deviations  from  LTE  occur  only  at  phase  boundaries  where  interface 
reactions  may  be  rate-limiting. 

Four  examples  will  be  examined  in  this  discussion,  pertaining  to  the  Na-ba$e  salt  condensates  formed  from 
combustion  products. 

1.  Na2S04  Condensation:  A general  criterion  for  the  condensation  of  Na2S04,  when  coupled  with  con- 
sistent thermodynamic  data  on  gaseous  Na2S04,  indicates  when  condensation  may  be  expectr  i under  any  particular 
service  or  test  conditions. 

2.  Condensate/Carbon  Interactions  in  Gas  Turbines:  Solid  carbon,  whidi  occurs  in  gas  turbines,  can  react 
locally  with  Na2S04  to  decrease  the  oxygen  potential  and  increase  the  sulfur  potential.  The  salt  compositions  re- 
sulting from  this  reaction  can  be  calculated,  leading  to  a maximum  sulfur  potential  which  is  high  enoi^  to  cause 
formation  of  the  liquid  Ni-S  eutectic  liquid  in  the  presence  of  Ni. 

3.  Non-Equilibrium  NaCl-Na2S04  Mixtures:  The  reaction  of  ingested  NaCl  with  combustion  products  can 
be  used  to  calculate  the- salt  compositions  and  chemical  potentials  expected.  The  results  show  that  HG  and  G2  are 
the  principal  volatile  products,  that  salt  mixtures  containing  about  90%  NaCl  should  have  a Finite  lifc^  and  that  the 
maximum  chlorine  potential  should  exist  at  the  salt/gas  interface. 

4.  0xide-Na2S04  Interactions:  Mixtures  of  metal  oxides,  such  as  Cr203  and  AI2O3,  with  Na2S04  are 
indeterminate  systems  in  that  the  extent  of  reaction  between  these  species  depends  on  the  rate  at  which  gases  are 
either  supplied  to  or  removed  from  the  reaction  site.  Thus,  incorporation  of  the  oxide  into  the  salt  melt  will  vary 
with  the  relative  amounts  of  oxide  and  melt,  gas  compoution  and  flow,  etc.  For  any  expected  level  of  dissolved 
oxide,  the  chemical  potentials  and  composition  can  be  calculated  for  all  points  between  the  alloy  melt  and  melt/gas 
interfaces.  In  this  area  especially,  accurate  thermodynamic  data  are  lacking,  and  many  assumptions  may  be  necessary. 
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Dilcuttion: 

MECHANISM  OF  HOT  CORROSION 


E S.  Pettit 

Pratt  and  Whitney  Aircraft,  Division  of  United  Aircraft  Corporation 
East  Hartford,  Connecticut 


"Accelerated  Corrosion  in  Gas  Turbine  Engines."  N.  S.  Bornstein.  M.  A.  DeCrescents  and  H.  A.  Roth 

This  paper  by  Bornstein,  DeCrescente  and  Roth  emphasizes  an  important  feature  of  the  accelerated  oxidation 
of  materials  induced  by  Na2S04,  in  particular,  reactions  between  normally  protective  oxide  scales  and  Na2S04 
melts  as  welt  as  Na2S04  melts  modified  by  oxides  of  certain  elements  in  the  alloy  undergoing  attack.  In  view  of 
their  work,  it  has  be<'ome  apparent  that  Na2S04 -induced  accelerated  oxidation  of  some  metals  and  alloys  (e.g.  nickel, 
Ni-AI  alloys)  can  occur  because  protective  oxide  scales  are  not  stable  on  such  materials  in  the  presence  of  Na2S04 
melts  containing  relatively  high  oxide  ion  activities.  In  addition,  the  beneficial  effect  produced  by  chromium  in 
inhibiting  this  type  of  attack  has  also  become  obvious  since  these  authors  have  shown  Cr203  can  decrease  the  oxide 
ion  content  of  Na2S04. 

At  present,  however,  it  may  be  an  over-generalization  to  propose  that  the  Na2S04-induced  accelerated  oxida- 
tion of  all  alloys  is  caused  by  reactions  between  protective  oxide  scales  and  oxide  ion-enriched  Na2S04  melts.  Con- 
comitant with  reactions  between  oxide  scales  and  oxide  ion-enriched  Na2S04,  ancillary  processes  consisting  of  the 
introduction  of  sulfur  into  the  alloy  and  depletion  of  the  alloy  of  those  elements  necessary  for  the  formation  of  a 
protective  oxide  scale  are  also  frequently  taking  place.  It  therefore  is  possible  that,  even  though  the  increased  oxida- 
tion is  initially  caused  by  reaction  between  protective  oxide  scales  and  the  oxide  ion-emiched  Na2S04 , in  some  alloys 
these  ancillary  processes  may  also  cause  increased  oxidation  concurrently  or  at  a later  stage  in  the  process  when  reac- 
tion between  the  oxide  scale  and  the  Na2S04  rp.elt  is  no  longer  possible.  A more  important  reason  for  exercising 
restraint  in  generalizing  the  basic  fluxing  concept  (i.e.  reactions  between  protective  oxide  scales  and  oxide  ion-en- 
riched Na2S04)  is  that,  as  shown  in  this  paper,  M0O3  and  V2O5  in  Na2S04  can  produce  a significant  increase  in  the 
Na2S04'induced  accelerated  oxidation  of  some  alloys.  Since  the  present  authors  have  shown  that  such  oxides  de- 
crease the  oxide  ion  content  of  Na2S04,  it  is  not  obvious  that  such  detrimental  effects  are  caused  by  oxide  ion- 
enriched  Na2S04  melts. 

Additional  experimental  work  as  well  as  theoretical  considerations  concerned  with  Na2S04  melts  modified  by 
various  oxide  additions  is  required  before  the  effects  of  oxides  such  as  M0O3  and  V2O5  on  the  Na2S04-induced 
accelerated  oxidation  of  alloys  can  be  completely  described.  Thermodynamic  calculations,  such  as  those  performed 
by  the  authors,  are  not  sufficient.  For  example,  in  using  Eqs.  1 and  2 to  compare  the  SO2  pressures  required  to  form 
Al2(S04)3  and  that  established  by  saturating  Na2S04  with  V2O5,  it  is  imolied  that  solid  AI2O3  can  coexist  with 
liquid  V2OS.  Such  a condition  is  not  stable  since  the  A1203  will  react  with  V2OS.  In  certain  cases,  a more  rigorous 
approach  may  consist  of  considering  reactions  between  protective  oxides  and  modified  Na2S04  melts.  For  example, 
in  the  case  of  M0O3,  one  would  consider  the  Mo03-modifled  Na2S04  to  be  composed  of  a solution  of  two  solvents, 
in  particular,  Na2S04  and  Na2Mo04.  For  such  ccmsiderations  the  use  of  three-dimensional  diagrams  such  as  that 
presented  in  Fig.  1 are  helpful.  The  oxide  phases  which  may  be  stable  in  such  a melt  are  not  significantly  influenced 
by  the  oxygen  pressure  and  before  attempting  to  construct  boundaries  in  diagrams  of  the  type  presented  in  Fig.  1 it  is 
possible  to  consider  melts  at  constant  oxygen  pressure.  In  Fig.  2,  the  phases  or  aluminum  that  may  be  stable  in  a 
Mo03-modifled  Na2S04  melt  at  constant  oxygen  pressure  are  illustrated.  Such  a diagram  can  in  turn  be  used  to 
determine  the  SO3  pressure  at  which  AI2O3  will  donate  oxide  ions  to  a Na2S04  melt  containing  a specified  amount 
of  M0O3.  As  illustrated  in  Fig.  3,  the  boundary  at  which  AI203  reacts  with  a Mo03-modifled  me'.t  can  be  displaced 
to  much  lower  SO3  pressures  than  that  which  is  obtained  by  neglecting  the  formation  of  a solution  of  Na2S04  and 
M0O3. 

"The  Mechanism  of  Hot  Corrosion  in  Marine  Gas  Turbines,"  .1.  F.  G.  Conde'. 

The  paper  by  Cond^  presents  a very  complete  review  of  mechanisms  that  can  be  used  to  descnbe  the  hot  cor- 
rosion of  metals  and  alloys.  The  emphasis  placed  on  the  origins  of  corrosive  contaminants  in  gas  turbines  is  very 
appropriate.  The  thermodynamic  calculations  that  have  been  performed  to  attempt  to  define  conditions  in  gas  tur- 
bines are  valuable  but  obviously  are  at  most  gross  approximations.  In  view  of  the  short  residence  times  in  the 
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Figure  1.  Schematic  diagram  thoMing  the  variables  that  must 
faaconaidarad  vdian  examining  affacts  produced  by  solutioiM  of 
Na2S04'Na2Mo04.  In  the  pure  Na2S04  plana  (i.a.,  NNa2S04 
“ 1)  oxygen,  SO3  and  oxide  ion  activities  are  variables  wharaas 
in  the  Na2Mo04  plana  (i,a.,  NNa2S04  “ 0)  oxygen,  oxide  ion 
and  M0O3  activitias  are  variabtasL  In.tha  solution  region  thara 
are  four  variables.  In  this  diagram  the  thick  dashed  line  indi- 
cates an  iaoactivity  line  for  oxide  ions,  the  thin  dash  at  line  is  an 
isobar  of  SO3  and  the  solid  lina  an  isoactivity  line  for  M0O3. 


Figure  2.  Schematic  diagram  diowing  the  phases  of  aluminum 
which  ars  stable  in  Na2S04-Na2Mo04  solutions  at  a constant 
oxygen  piassura. 


Logsimg^ 

Figure  3.  Stability  diagram  showing  the  displacement  of  the 
boundary  (arrows)  at  whirdi  AI2O3  reacts  with  a modified 
Na2S04  melt  (acidic  fluxing)  for  the  case  where  Na2S04  con- 
tains M0O3  in  solution  such  that  the  M0O3  activity  it  0.1  at  a 
mole  fraction  of  Na2S04  of  0.99. 


combustion  system,  the  amount  and  compositions  of  the  salts  deposited  at  temperature  on  turbine  hardware  are 
unknown  parameters  which  can  be  obtained  only  from  additional  experimental  studies. 

This  paper  also  rightly  directs  attention  to  the  possible  effects  produced  by  carbon,  water  vapor  and  NaCl  on 
the  hot  corrosion  process.  Such  effects  have  been  neglected  in  numerous  studies  and  certainly  require  consideration. 
It  seems  reasonable  to  assume  that  impacting  carbon  particles  will  cause  the  local  oxygen  activity  to  be  reduced  in  the 
vicinity  of  salt  deposits  on  turbine  components  and  conditions  suitable  for  the  introduction  of  sulfur  into  the  alloy 
with  attendant  increases  in  the  oxide  ion  content  of  Na2S04  will  be  developed.  Both  of  these  conditions  can  be 
expected  to  cause  increased  oxidation  of  some  alloys.  The  influence  of  NaCI  on  Na2S04-induced  accelerated  oxida- 
tion alloys  is  not  clear.  As  mentioned  by  Condd,  NaCl  may  cause  the  gene-ation  of  heavy  metal  chlorides.  Another 
possibility  is  that  NaCl  in  Na2S04  may  influence  the  solubility  of  certain  protective  oxide  scales  in  such  melts  and 
thereby  have  an  important  effect  on  the  fluxing  of  protective  oxide  scales  by  liquid  salt  deposits.  While  carbon,  NaCl 
and  water  vapor  may  influence  the  Na2S04-induced  hot  corrosion  of  alloys,  it  is  important  to  determine  whether 
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such  effects  are  of  primary  or  secondary  importance  to  the  hot  corrosion  process.  It  is  apparent  from  laboratory 
studies  that  a deposit  of  Na2S04  is  a sufficient  condition  to  cause  the  hot  corrosion  of  many  alloys  and  coatings  in 
the  absence  ot  NaCl,  carbon  or  water  vapor.  For  example,  the  lives  of  ali/minide  coatings  on  B-1900  have  been 
found  to  be  less  in  a laboratory  test  using  Na2S04  deports  than  in  a burner  rig  test  at  the  same  temperature  with 
ingested  sea  salt.  Such  results  indicate  that  effects  produced  by  NaCl,  carbon  or  water  vapor  may  be  of  secondary 
importance  to  the  hot  corrosion  of  materials  in  the  pre.sence  of  Na2S04. 
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Superalloys  Development  for  Gas  Turbines 
Operating  in  the  Marine  Environment 


C.  C.  Clark  and  H'.  R.  Hulsizer 
The  International  Nickel  Company  Inc. 
Nct\'  York,  New  York 


SUMMARY 

This  presentation  is  a summary  of  recent  developments  and 
behavioral  investigations  in  progress  at  tiic  International  Nickel 
Laboratories  in  Sterling  Torcst,  New  York,  and  Birmingham,  Eng- 
land. It  is  not  intended  to  present  a wealth  of  background  informa- 
tion but  only  significant  points  which  hopefully  will  stimulate  a 
meaningful  discussion.  The  many  gas  turbine  alloys  that  have  been 
developed  in  Inco's  laboratories  but  have  already  reached  commer- 
cial use  will  not  be  discussed  except  for  several  that  arc  primarily 
of  interest  in  Europe. 


TURBINE  BLADE  ALLOY  DEVELOPMENTS 

In  1 964  the  Naval  Ships  Systems  Command  established 
a program  with  the  following  objectives; 

1.  Develop  a turbine  blade  alloy  combining  the  hot  cor- 
rosion resistance  of  Udiinet*  SOO  in  1%  sulfur  diesel  fuel 
combustion  products  with  the  strength  and  ductility  of 
alloy  713C  at  IbOO’F  (100  hr  rupture  life  at  43,000  psi). 

2.  Develop  a cobalt-base  turbine  nozzle  alloy  with  the 
1900'*F  strength  ofWI-52(  100  hr  rupture  life  at  10,000  psi) 
but  with  improved  hot-corrosion  resistance. 

These  targets  were  accepted  by  the  metals  industry  and 
a number  of  alloys  soon  appeared  which  met  the  blade  tar- 
get. These  included  the  now  familiar  IN-738.  In  1970  the 
National  Materials  Advisory  Board  Committee  on  “At- 
mospheric Deterioration  of  Superalloys”  (1)  considered  a 
number  of  alloy  or  process  approaches  which  might  result 
in  alloys  meeting  the  following  objectives: 

• Sulfidation  and  oxidation  resistance  > Udimet  SOO 

• Temperature-strength  capability  for  blades  > IN- 1 00 

• Temperature-strength  capability  for  vanes  > WI-52 

Meeting  these  objectives  through  alloy  modification  or 
development  proved  to  be  difficult  as  predicted.  IN-792 
meets  the  strength  goals  for  the  blade  alloy  but  falls  some- 
what short  of  the  desired  corrosion  resistance.  Nevertheless, 
the  alloy  is  receiving  wide  attention  for  turbine  blades  and 
promises  to  become  a widely  used  material. 

A wrought  alloy  was  developed  by  Inco’s  Birmingham 
Laboratory  in  the  late  1960’s  which  meets  the  guide  vane 
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target  of  corrosion  resistance  but  lacks  the  desired  WI-52 
strength  capability.  Perhaps  that  is  why  it  has  received  little 
attention  to  date  in  the  U.S.A.  The  alloy  is  designated 
IN-597  (2).  Its  chemical  composition  is: 


C: 

.05 

Cb: 

1.0 

Cr: 

24.5 

Mo: 

1.5 

Co: 

20.0 

Zr: 

.05 

Ti: 

3.0 

B: 

.012 

Al: 

1.5 

Ni: 

Bal 

Its  higli  chromium  content  makes  the  alloy  highly  resis- 
tant to  sulfidation  in  a crucible  test  in  which  a 75%  Na2S04- 
25%  NaCl  mixture  is  continuously  deposited  at  1650*’F, 
Fig.  1.  The  alloy  is  only  roughly  equivalent  to  Udimet  500 
•n  temperature  capability  and,  hence,  falls  short  of  the 
WI-52  temperature  strength  goal. 

The  development  of  this  alloy  has  led  to  work  on  a cast 
23%  chromium  alloy  which  has  strength  nearly  as  good  as 
lN-738  at  1600“F,  Fig.  2.  Although  only  in  its  early  stages 
of  development,  the  alloy  does  not  yet  meet  WI-52  prop- 
erties at  higher  temperatures.  Progress  to  date  is  encourag- 
ing, however,  and  a useful  guide  vane  and/or  turbine  blade 
alloy  may  result. 

The  subcommittee  which  considered  approaches  to  meet- 
ing the  target  requirements  was  not  very  hopeful  that  straight 
alloy  modifications  would  meet  the  target  properties.  So 
far  this  prediction  has  proven  correct.  We  at  Inco  think  that 
in  the  nickel  base  system,  at  least,  it  will  be  very  difficult  to 
meet  these  targets.  It  appears,  however,  that  there  is  a pos- 
sibility for  developing  an  alloy  about  50°F  stronger  than 
lN-792.  Even  thougli  its  corrosion  resistance  is  expected  to 
be  much  better  than  that  of  IN-IOO,  it  will  fall  short  of  the 
corrosion  resistance  of  Udimet  500. 


MECHANICAL  ALLOYING 

Increasing  demand  by  turbine  designers  and  operators  for 
improved  efficiency  and  durability  over  many  thousands  of 
hours  means  that  materials  arc  being  utilized  to  their  ut- 
most capability.  Their  survival  at  the  very  high  turbine  inlet 
temperatures  used  in  today’s  turbines  is  dependent  upon 
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Duration  of  Test-h 
Figura  1. 


too  1000 

Timt-hrs 


Figura  2.  Ruptura  ttrangth  of  axparimantal  23%  Cr  Alloy  at 
leoir  F Gomparad  with  IN-738  and  WI-52 


design  innovations  such  as  convection  and  film  cooling  and 
their  surface  stability  is  frequently  provided  by  coatings. 

We  at  Inco  believe  that  the  development  of  the  mechani- 
cal alloying  process  (3)  offers  opportunities  for  the  metal- 
lurgist to  meet  these  requirements  by  increasing  temperature 
capability  and  stability  and  at  the  same  time  to  increase 
surface  stability.  The  first  mechanical  alloyed  materiai  is 
IN-853.  The  commercial  development  of  this  alloy  is  in  its 
early  stages  and  is  being  offered  as  Inconel*  alloy  MA-753. 
Figures  3 and  4 compare  its  strength  with  several  established 
turbine  blade  and  guide  vane  alloys  and  t.  j General  Electric 
Company’s  Co74XV  goals  (4).  We  consider  that  IN-853  is  a 
forerunner  of  a family  of  dispersion  strengthened  alloys. 
For  example,  good  progress  is  being  made  toward  the 
development  of  highly  oxidation-resistant  sheet  material 
and  the  feasibility  of  an  alloy  with  significantly  better  inter- 
mediate temperature  strength  than  IN-853  is  also  becoming 
apparent. 
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Figura  3.  Turbina  blada  alloys,  100  hour  craap  ruptura. 


Figura  4.  Oanaral  Elactric  Company  turbina  vane  alloy  raquiramants. 


Alloys  of  this  type  differ  from  conventional  superalloys 
and  will  have  to  be  handled  somewhat  differently  in  design. 
For  example,  as  temperature  increases  the  slope  of  the  creep 
rupture  strength  for  superalloys  becomes  steeper  indicating 
an  instability  of  the  hardening  mechanism,  namely,  gamma 
prime.  The  slope  of  the  creep  rupture  curve  for  IN-853, 
however,  becomes  flatter  as  temperature  increases  thereby 
indicating  good  long-time  temperature  stability  (5),  Fig.  5. 
The  strengthening  effect  of  the  yttria  dispersoid  becomes 
evident  at  1500°F  which  coincides  with  the  knee  of  the 
stress  rupture  curve  in  Fig.  3.  Subsequent  alloys  are  ex- 
pected to  behave  similarly. 
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Figurt  5,  Stress  rupture  test  lives  of  IN-853. 


Another  benefit  of  dispersion  strengthened  alloys  is  that 
the  dispersoid  itself  has  been  shown  to  improve  corrosion 
behavior.  This  is  evident  in  Fig.  6,  which  compares  the 
structures  of  IN-853  and  Nimonic*  alloy  80A  after  exposure 
in  a laboratory  sulfidation  test.  An  important  difference  in 
composition  is  the  presence  of  about  1.2%  Y2O3  in  IN-853. 
The  attack  was  light  and  general  along  the  surface  of  the  IN- 
853  while  in  Nimonic  alloy  80A  a significant  amount  of 
intergranular  attack  occurred  in  addition  to  general  cor- 
rosion. The  beneficial  effect  is  believed  to  result  from  the 
high  affinity  of  yttrium  for  sulfur  in  forming  an  oxy- 
sulfide  and  thereby  inhibiting  diffusion  of  sulfur  into  the 
metal. 


OXIDATION  OBSERVATIONS 

While  attempting  to  explain  variable  results  in  a simple 
laboratory  oxidation  test,  McCarron  and  Schultz  (6)  “con- 
firmed” the  effects  of  water  vapor  on  scaling  resistance  of 
Fe-Ni-Cr  alloys.  This  prompted  the  study  of  the  specific 
effects  on  a series  of  high  temperature  alloys  ranging  from 
Type  304  stainless  steel  to  IN-738,  (Tabic  I ), 

Cyclic  (24  hr  or  100  hr)  oxidation  tests  were  conducted 
at  201 2°F  in  a slow  moving  atmosphere  containing  0.1,  5 
and  10%  water  vapor  for  400  to  1000  hours.  Oxidation  was 
measured  by  weight  loss,  both  undcscalcd  after  each  cycle 
and  descaled  at  the  end  of  each  test. 

The  alloys  studied  faU  into  three  distinct  categories:  an 
iron-nickel-chromium  scries  without  additional  significant 
alloying  additions,  two  matrix  stiffened  alloys  for  sheet 
metal  components,  and  six  supcralloys  typical  of  currently 
used  turbine  blade  alloys. 

Results  of  the  tests  on  the  Fe-Ni-Cr  alloys  arc  typified  by 
the  results  for  Type  304  stainless  steel  and  alloy  600  shown 
in  Figs.  7 and  8.  Water  vapor  had  a significant  effect  on  the 


'Trademark  The  International  Nickel  Company,  Inc. 


cyclic  oxidation  behavior  of  all  except  Nichrome*  V,  which 
is  iron-free.  The  severity  of  the  effect  increased  as  the  level 
of  water  vapor  increased.  It  is  also  clear  from  this  series  of 
tests,  which  is  summarized  in  Fig.  9,  that  water  vapor  has 
an  increasingly  severe  effect  on  scaling  behavior  as  the  iron 
content  is  increased.  When  tested  under  isothermal  or  static 
conditions  no  significant  effect  of  water  vapor  was  observed. 

Two  matrix  stiffened  alloys,  Hastelloy**  alloy  X and  IN- 
586,  an  alloy  developed  by  Inco’s  Birmingham,  England 
Research  Laboratory,  were  also  tested.  The  results  sum- 
marized in  Figs.  10  and  1 1 show  that  there  was  little  degrada- 
tion in  resistance  when  water  vapor  was  increased  from  0.1% 
to  5%  H2O,  but  the  resistance  of  both  alloys  deteriorated  in 
10%  H2O.  The  sliglitly  better  resistance  of  IN-586  in  this 
test  can  be  as  easily  attributed  to  its  lower  iron  content  as  to 
the  presence  of  0.04%  cerium. 

The  last  six  alloys  are  typical  of  those  currently  used  for 
ca.st  turbine  blades.  They  were  only  tested  in  air  containing 
0.1  and  3.0%'  water  vapor.  The  results  arc  summarized  in 
Figs.  12-17.  IN-100  exhibited  little  sensitivity  to  increased 
water  vapor  while  Mar-M***  alloy  421  showed  markedly  in- 
creased scalingin  the  presence  of  air  + 3%  H2O.  While  these 
represent  the  two  extremes,  all  alloys  showed  increased 
scaling  as  water  vapor  was  increased. 

The  original  paper  (6)  reports  results  of  x-ray  diffraction 
and  microprobe  studies  and  contains  an  extensive  discus- 
sion about  the  possible  mechanisms  responsible  for  the 
behavior  of  the  alloys  when  exposed  to  high  temperature 
air  containing  water  vapor.  In  genera!  these  can  be  sum- 
marized as  follows: 

1.  In  Fc-Ni-Cr  alloys  an  inner  Cr203  layer  exists  between 
the  substrate  and  an  outer  (FcNi)  Cr204  scale.  The  inner 
Cr203  layer  gradually  disappears  with  time  when  the 
alloy  is  tested  in  hu.midificd  air  and  the  thicker  (FcNi) 
0304  spalls  more  easily. 

♦Trademark  of  Driver-Harris 
♦•Trademark  of  Cabot  Corporation 
♦♦♦Trademark  of  Martin  Marietta  Corporation 
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Fi()ur«  7.  Effect  of  water  vapor  on  the  cyclic  oxidr^on  resistance 
of  304  SS  at  1 100°C  in  air.  (Cycled  every  100 1 ours.) 
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Figure  9,  Relationship  between  iron  content  and  water  vapor  effect 
for  Fe-Ni-Cr  alloys  after  1000  hours  of  cyclic  oxidation  at  1100®C. 
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Figure  8.  Effect  of  water  vapor  on  the  cyclic  oxidation  resistance 
of  alloy  600  at  1 100®C  in  air.  (Cycled  every  100  hours.) 


0 200  400  600  800  1000 

DESCALED 

t (HOURS) 

Figure  10.  Effect  of  water  vapor  on  the  cyclic  oxidation  re>istance 
of  Hastelloy  alloy  X at  1100°C  in  air,  (Cycled  every  100  hours.) 
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Figure  11.  Effect  of  water  vapor  on  the  cyclic  oxidation  resistance 
of  IN-586  at  1 100°C  in  air.  (Cycled  every  100  hours.) 
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Figure  13.  Effect  of  water  vapor  on  the  cyclic  oxidation  resistance 
of  alloy  71X  at  1 lOO’^C  in  air.  (Cycled  24  to  100  hours.) 
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Figure  12.  Effect  of  water  vapor  on  the  cyclic  oxidation  rasistarrce 
of  IN-100  at  1100°C  in  air.  (Cyded  24  to  100  hours.) 
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Figure  14.  Effect  of  water  vapor  on  the  cyclic  oxidation  resistanee 
of  Udimat  700  at  1 100°C  in  air.  (Cycled  24  to  100  hours.) 
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15.  Effect  of  water  veoor  on  the  cyclic  oxidetion  resistance 
of  IN-738  at  1100*^  in  air.  (Cycled  24  to  100  hours.) 


Figure  17.  Effect  of  water  vapor  on  the  cyclic  oxidation  msistanca 
of  Udimet  500  at  1100°C  in  air.  (Cycled  24  to  100  hours.) 


Figure  16.  Effect  of  water  vapor  on  the  cyclic  oxidation  resistartce 
of  Mar-M  alloy  421  at  1100°C  in  air.  (Cycled  24  to  100  hours.) 


2.  Tlie  more  complex  scales  which  form  on  the  super- 
alloys  arc  more  difficult  to  interpret.  In  the  higher 
aluminum-lower  chromium  alloys,  a heavy  continuous  AI2O3 
layer  forms  and  is  maintained  while  subsequent  layers  of 
NiAl204,  Ni(AICr)204,  NiCr204  and  NiO  overgrow  the 
AI2O3  in  that  order.  In  the  higlier  chromium-lower  alumi- 
num alloys,  the  AI2O3  layer  is  eventually  replaced  by  an 
inner  layer  of  Cr203  containing  aluminum  or  Ni(AlCr)204 
while  the  outer  layers  tend  to  be  NiCr204  and  NiO  in  that 
order.  The  high  chromium-low  aluminum  IN-100  and  Udi- 
met 700  are  less  sensitive  to  the  effect  of  water  vapor  than 
higlt  chromium-low  aluminum  Udimet  500. 

3.  A higi)  refractory  metal  content  appears  to  be  a factor 
because  the  other  three  alloys,  alloy  7I3C,  IN-TSS.andMar- 
Malloy  4?  I,  which  showed  the  greatest  drop  when  tested  in 
wet  air,  contained  6.1,  6.5  and  7.7%  of  Mo  + W + Cb  + Ta 
respectively.  Mar-M  alloy  421  showed  by  far  the  greatest 
effect  of  water  vapor. 

It  is  obvious  that  the  McCarron-Schultz  paper  raises 
more  questions  than  it  answers  because  all  testing  was  done 
at  one  temperature  and  true  dynamic  effects  that  arc  en- 
countered in  gas  turbines  were  not  studied.  It  is  equally 
obvious,  however,  that  oxidation  and  the  way  it  is  influ- 
enced by  wafer  vapor  must  be  considered  in  the  application 
or  development  of  future  turbine  materials.  Since  the  end 
product  of  sulfidation  is  oxidation,  it  is  logical  to  expect 
that  water  vapor  also  influences  the  behavior  of  turbine 
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materials  in  sulfidation  inducing  environments.  We  have  not 
tested  the  high  chromium  alloys  discussed  earlier  in  an  air 
environment  with  water  vapor  present. 


INFLUENCE  OF  HAFNIUM  ON  OXIDATION 

While  not  reported  in  the  McCarron-Schultz  paper,  some 
oxidation  d.'itaon  IN-792  with  0 to  1.4%  hafnium  arc  shown 
in  Fig.  1 8.  Hafnium  has  been  reported  to  improve  the  oxi- 
dation resistance  of  IN-792  but  these  tests  conducted  in  air 
plus  5%  water  vapor  suggest  that  hafnium  is  deleterious 
and  that  water  vapor  is  a factor  which  must  be  taken 
into  consideration  in  future  tests  on  hafnium  containing 
alloys. 


Figur*  18.  Effect  of  hafnium  on  the  ftatic-cyclic  oxidation 
ratiftanoa  of  IN-792. 


SUMMARY 

This  paper  has  summarized  several  developments  from 
our  laboratories  which  are  or  should  become  significant 
contributions  to  the  behavior  of  materiaJs  in  turbine  en- 
vironments. Some  results  raise  more  questions  than  they 
answer  and,  obviously,  more  work  remains  to  be  done  to 
further  define  causes  and  effects. 

Gas  turbine  material  developers  stUI  require  better  input 
from  the  field  about  the  behavior  of  established  alloys  and 
the  need  for  improved  ones.  One  of  the  recommendations 
made  by  the  Committee  on  Atmospheric  Deterioration  of 
Supcralloys  (I)  was;  “Establish  meaningful  targets  for 
mechanical  and  environmental  performance  of  advanced 
gas  turbines.  Represented  viewpoints  should  include  tur- 
bine producers  and  users  as  well  as  materials  developers  and 
designers.”  As  one  of  the  major  gas  turbine  users,  the  Navy 
should  be  in  a good  position  to  do  this. 
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ABSTRACT 

The  flnal  results  of  a hot  corrosion  rig  test  evaluation  of  45 
coating-alloy  combinations  are  presented.  Alloys  included  were 
B1900.  Inco  713C,  lN-100,  Rene’  41,  SEL-IS,  U-700,  U-710, 
.MAR-M246,  WI-52  and  X-40.  Rig  tests  were  performed  for  up  to 
150  hours  at  1650°f-  and  1800°!' on  nickel-base  alloys  and  1800°F 
and  2000°F  on  cobalt-base  alloys  in  a high-velocity  environment 
obtained  from  the  combustion  of  JP-5  fuel  and  air  and  ingestion  of 
35  parts  sea  salt  per  one  million  parts  air. 

The  coatings  tested  (I)  were  commercially  available,  (2)  were 
essentially  ^iAI  or  0CoAI  with  numerous  secondary  phases,  and 
(3)  were  formed  from  the  combination  of  the  reaction  of  aluminum 
with  the  substrate  and  with  elements  codeposited  with  aluminum. 
One  e.xoeption  was  a coating  on  B1900  which  appeared  to  be  a 
silicidc. 

Under  the  conditions  of  the  test,  protection  could  be  afforded 
by  at  least  one  of  the  coatings  on  the  nickcFbase  alloys  for  1 50  hours 
at  1650°F  and  100  hours  at  I800®F.  At  1 800°F  the  relatively  thin 
coatings  on  cobalt-base  alloys  e.xhibiled  poorer  protection  than 
coated  nickel-base  alloys  at  this  temperature.  At  2000°F  the  coatings 
on  WI-52  could  not  afford  protection  beyond  60  hours.  Perform- 
ance was  only  slightly  better  on  the  higher  chiomium  X-40  alloy. 
The  life  of  coatings  closely  correlated  with  thickness  on  both  nickeF 
and  cobalt-base  alloys  and  was  strongly  influenocd  by  the  chromium 
content  of  the  substrate.  Minor  additives  to  the  aluminidcs,  notably 
silicon,  also  significantly  enhanced  the  performance  of  the  aluminide 
coatings  on  nickel-base  alloys. 

The  effects  of  coatings,  processing  conditions,  and  long-term, 
high-temperature  exposures  on  the  mechanical  properties  of  the 
nickel-  and  cobalt-bascalloys  were  also  evaluated.  Data  arc  presented 
on  (I)  the  low-cycle  fatigue  Ufeof  the  ten  alloys  uncoated  as-received, 
uncoated  and  coated  after  500  hours  exposure  at  high  temperature, 
and  (2)  the  elevated  temperature  stress  rupture  properties  of  the 
coated  alloys  after  long-term  exposures  and  after  coating  stripping 
and  rccoating  operations  to  simulate  repair  of  used  blades  and 
vanes. 


components  after  extended  service.  The  need  for  such  data 
is  critical  when  turbine  manufacturers  and  users  must  select 
base  alloys  and  coatings,  establish  quality  control  specifica- 
tions, and  determine  post-service  reprocessing  economics. 

In  this  paper,  results  will  be  presented  on  an  evaluation  of 
the  performance  of  ten  common  alloys  with  respect  to  hot 
corrosion,  low-cycle  fatigue  and  stress  rupture.  Each  of  the 
alloys  was  also  tested  after  being  coated  with  any  of  3 to  5 
commercially  available  coatings  from  the  generic  group- 
PWA  47,  ALPAK,  CODEP,  UC,  MDC,  HM  5 and  Chromalloy 
870. 


EXPERIMENTAL  PROCEDURES 
ALLOYS  AND  TEST  SPECIMENS 

Compositions  of  the  10  nickel-  and  cobalt-base  alloys 
are  shown  in  Table  1.  The  alloys  are  coded  for  convenience 
in  presentation  and  may  be  divided  into  classes  as  noted 
below: 


B1900 
MAR-M246 
IN- 100 
SEL-15 


Low  chromium 


lnco713C 
Udimet  700 


Medium  chromium 


Udimet  710 
Rene’  41 


High  chromium 


INTRODUCTION 

Currently  a large  variety  of  alloys  and  diffusion  formed 
aluminide  coatings  are  used  for  the  protection  of  gas  turbine 
blades  and  vanes  in  operational  aircraft  gas  turbine  engines. 
Data  are  generally  lacking  which  compare  (I ) the  efficiency 
of  the  various  available  aUoy-coating  combinations  in  resist- 
ing a hot  corrosion  environment  (operation  in  a marine  en- 
vironment), (2)  the  influence  of  coatings  on  critical  me- 
chanical properties,  and  (3)  the  influence  of  rccoating  the 


Cobalt-base,  high  chromium 

For  hot  corrosion  rig  testing,  these  alloys  were  cast  into 
the  simulated  airfoil  confrguration  ;2iown  in  Fig.  1.  For 
low-cycle  fatigue  and  for  stress  rupture,  eight  of  the  alloys 
were  cast  into  standard  R3  tensile  bars  with  a 0.250-inch 
diameter  reduced  section  (per  Federal  Test  Standard  151  A, 
Method  211.1,  for  stress  rupture  testing).  The  diameter  of 
each  bar  was  reduced  from  0.250  to  0.185  inch  to  promote 
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Table  1 

Compositions  of  Alloys 


Cast  Alloys 

Code 

Composition  (Weight  Percent)  | 

Ni 

Co 

Cr 

A1 

Ti 

Mo 

T5t 

lers 1 

W 

Ta 

Cb 

c 

Zr 

B 

Fe 

B1900 

B 

Bal 

10.30 

8.50 

5.85 

1.02 

5.95 

- 

4.23 

0.1 

.093 

.09 

.011 

.21 

713C 

C 

Bal 

0.22 

13.80 

5.85 

0.78 

4.55 

- 

- 

2.27 

.135 

.10 

.010 

.12 

IN-100 

I 

Bid 

15.40 

10.50 

5.49 

4.34 

3.17 

- 

- 

- 

.76 

.16 

.16 

,013 

.12 

MAR-M246 

M 

Bal 

10.10 

8.69 

5.47 

1.52 

2.69 

10.00 

1.39 

- 

- 

.144 

.05 

.011 

.08 

Rene'  41 

R 

Bal 

11.30 

19.20 

1.56 

3.30 

9.79 

- 

- 

- 

- 

.078 

- 

.006 

,35 

SEL-15 

S 

Bal 

13.70 

10.70 

5.51 

2.18 

6.18 

1.9 

- 

0.45 

- 

.057 

.10 

.014 

.15 

U-700 

U 

Bal 

14.90 

14.30 

4.25 

3.42 

4,10 

- 

- 

- 

- 

.06 

.04 

,015 

.22 

ir-710 

D 

Bal 

14.60 

17.90 

2.50 

4.84 

3,10 

- 

- 

- 

- 

.07 

- 

.020 

.10 

WI-52 

W 

0.47 

Bal 

20.70 

- 

- 

- 

10.90 

- 

1.81 

- 

.488 

- 

- 

2.09 

X-40 

X 

10.70 

Bal 

25.80 

- 

- 

- 

7.54 

- 

- 

- 

,487 

.96 

.003 

.21 

Wroueht  Allovs 

U-700 

u 

Bal 

18.70 

15.10 

4.49 

3.44 

4.95 

- 

- 

- 

- 

.06 

.05 

.014 

.15 

Rene*  41 

R 

Bal 
. ■ 

11.05 

18.90 

1.53 

3.13 

9.73 

- 

- 

- 

.08 



- 

.005 

1.17 

Figur*  1,  Simulated  airfoil  ipaciman. 


failure  in  the  test  section  and  reduce  the  frequency  of  fail- 
ures in  the  threaded  ends  of  the  bars  during  low-cycle 
fatigue  testing.  Rene’  41  and  U limet  700  were  obtained  as 
wrought  bar  stock  and  were  machined  to  the  above  dimen- 
sions before  being  heat-treated  according  to  standard 
techniques. 

Prior  to  testing,  the  reduced  section  of  each  stress  rup- 
ture or  fatigue  test  bar  was  polished  to  a surface  finish  of 
less  than  lOp  inch  (rms)  for  uncoated  specimens  and  less 
than  25  n inch  (rms)  for  coated  specimens. 


COATINGS 

At  the  time  of  performance  of  this  program,  the  coatings 
included  were  primarily  those  in  use  by  the  Navy  in  aircraft 
gas  turbines.  The  instructions  issued  to  coating  vendors  were 
(1)  to  apply  a coating  between  0.002  and  0.0035  inch  in 
thickness  on  nickel-base  alloys  or  0.001 5 and  0.0025  inch  on 
cobalt-base  alloys,  and  (2)  to  apply  a coating  that  would 
provide  the  best  compromise  between  hot  corrosion  resis- 
tance and  retention  of  uncoated  alloy  mechanical  proper- 
ties. Coding  of  the  coatings  was  again  by  letter  and  is  de- 
fined below: 

A ALPAK  (Allison  Division,  CM) 

B Hl-1 5 (Alloy  Surfaces) 

C UC  (Chromizing  Corp.,  Chromalloy  Am.  Corp.) 

D CODEP  B (General  Electric  Corp.) 

F CODEP  C2  (General  Electric  Corp.) 

G MDC-1  (Misco  Div,,  Howmet  Corp.) 

H MDC-9  (Misco  Div.,  Howmet  Corp.) 

1 MDC-701  (Misco  Div.,  Howmet  Corp.) 

J PWA-47  (Pratt  & Whitney) 

K 870  (Chromizing  Corp.,  Chromalloy  Am,  Corp.) 

Individual  specimens  were  identified  by  the  alloy  code  letter, 
the  coating  code  letter,  and  a number. 

The  metallurgically  determined  coating  thickness  for  all 
coating-alloy  combinations  is  shown  in  Fig.  2.  Wei^t  gain 
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THICKNESS  (inch)  THICKNESS  (inch) 


Figtira  2.  Coating  thidinaai  and  waight  on  nickal-  and  cobalt-baaa  alloys. 


WEIGHT  GAIN  (mR/cm') 


during  coating  is  also  sliown  in  this  figure.  Correlation  be- 
tween coating  thickness  and  specimen  weight  gain  is  not 
necessarily  good  because  weights  were  determined  at  Solar 
before  and  after  coating  and  do  not  take  into  account  the 
effects  of  any  surface  preparation  processes  utilized  by 
coating  vendors.  The  photomicrograph  inset  in  Fig.  2B 
indicates  tlie  dimension  measured  rnetallograpliically  as 
coating  thickness.  It  includes  essentially  all  of  the  coating 
thickness  above  the  undisturbed  substrate  alloy  structure. 
Intergranular  penetration,  if  any.  was  not  counted  as  part  of 
a coating.  Tlius  tlie  interdiffusion  zone  which  Is  higli  in 
chromium,  refractory  metals,  interstitial  elements,  etc.  was 
included  in  the  coating  thickness  together  with  the  surface 
aluminide  or  “silicide.” 

With  nickel-base  alloys,  the  majority  of  coatings  were 
found  to  be  within  the  requested  thickness  specification. 
Only  the  BK  and  UA  alloy-coating  systems  were  thicker  and 
the  Bl,  IG,  Ul  and  DC  combinations  thinner  than  the  re- 
quested range,  i.e.,  6 combinations  out  of  34  for  nickel-base 
alloys.  Coatings  on  cobalt-base  alloys  were  relatively  thin. 
Fifty  percent  of  these  had  a thickness  of  less  than  0.0015 
inch. 

Two  major  types  of  coatings  were  applied  by  vendors  to 
the  various  nickel-base  alloys.  These  two  types  and  their 
variations  are  described  below: 

Type  ](a)  High  Aluminum  Activity-lhese  coatings  arc 
applied  from  a source  very  rich  in  aluminum,  i.e.,  with  hi^i 
chemical  activity  of  aluminum.  The  coaling  is  formed  by  the 
predominant  inward  diffusion  of  aluminum.  Tlie  micro- 
structure  is  characterized  by  the  precipitation  of  chromium- 
rich  phases  (CriAl  and  Cr3Al2)  and  carbides  in  the  outer 
areas  of  the  coatings  due  to  their  insolubility  in  ^-NiAI. 
The  d-NiAl  contains  25  to  33  wciglit  percent  of  Al  and  the 
ratio  between  total  coating  thickness  Oc)  and  the  inter- 
diffusion  layer  thickness  (ij)  is  usually  greater  than  2.5.  No 
continuous  j layer  (Ni3AI)  is  present  at  the  interdiffusion 
zonc/substratc  interface. 

Type  1(h)  High  Aluminum  Activity -These  coatings  arc 
applied  similarly  to  Type  1(a)  but  arc  the  end  result  of  a 
decrease  in  Ai  activity  during  the  process  cycle.  Chromium- 
rich  outer  layer  precipitates  arc  retained,  but  the  high  alumi- 
num /J-NiAl  phase  is  not  present.  The  /J-NiAl  phase  contains 
18  to  24  percent  Al  and  the  diffusional  stability  of  the  coat- 
ings is  superior  to  the  Type  1(a)  coatings.  Not' 's  usually 
present  in  the  as-coated  condition. 

Type  2 Low  Aluminum  Activity-These  coatings  are  ap- 
plied from  a low  chemical  activity  source  with  the  coating 
formed  by  the  predominant  outward  diffusion  of  nickel. 
The  tc/tj  ratio  is  less  than  2.5  and  the  outer  coating  is  free 
of  carbides  and  chromium  containing  precipitates.  Concen- 
tration of  aluminum  in  the  ^NiAl  phase  is  18  to  24  percent. 

Most  commercially  available  coatings  arc  modifications 
of  Type  1 or  2.  Some  variations  were  observed  and  included; 
(1)  coatings  containing  major  quantities  of  elements  added 
in  addition  to  Al,  c.g , a very  high  silicon  content  such  as  in 
coating  K (up  to  1 5 percent  silicon),  (2)  additions  ofinert 


materials  such  as  the  aluminum  oxide  found  in  coating  G, 
and  (3)  the  high  titanium  and  AI2O3  phases  found  in  coat- 
ing F.  Minor  elemental  or  compound  additions  may  be  pres- 
ent in  a coating  without  changing  its  major  class. 

Typical  examples  f the  coating  types  found  on  the 
nickel-base  alloys  and  included  in  this  evaluation  program 
arc  shown  in  Fig.  3.  The  classification  of  each  tested  coat- 
ing is  listed  in  Table  II. 

No  attempt  svill  be  made  in  this  paper  to  classify  coatings 
on  cobalt-base  alloys  because  insufficient  data  were  avail- 
able to  set  up  any  semblance  of  a classification  system.  All 
of  the  coatings  tested  bore  some  resemblance  to  Type  2 
coatings  primarily  because  of  the  higli  carbon,  chromium 
and  tungsten  content  diffusion  zones.  Presence  of  these 
elements  at  tlie  coating-alloy  interface  may  tend  to  force 
coating  fonnation  to  occur  by  the  outward  movement  of 
cobalt  rather  than  the  inward  movement  of  aluminum. 

Typical  microstructures  of  aluminide  coatings  on  cobalt- 
base  alloys  arc  shown  in  Fig.  4.  A typical  coating  on  WI-52 
alloy  has  a carbide  interface  and  shows  significant  internal 
oxidation  within  the  interdiffusion  zone.  Coatings  on  the 
X40  alloy  also  have  a carbide  interface,  but  have  a less 
complex  diffusion  zone  and  show  little  or  no  internal  oxida- 
tion. 

Hardness  values  of  the  aluminide  coatings  generally  range 
between  500  and  850  KHN  (50  gram  load)  as  was  noted  in 
Fig.  3.  The  higli  silicon  K-coating  and  tJic  higli  titanium 
phase  in  the  F-coating  can  have  hardnesses  of  between  1300 
and  2100  KHN.  In  general,  coatings  on  cobalt-base  alloys 
were  similar  in  hardness  to  aluminides  on  nickel-base  alloys, 
i.e.,  500  to  850  KHN. 

HOT  CORROSION  TESTING 
Equipment  Description 

Tlie  two  Solar  gas  turbine  environmental  simulators  used 
throughout  the  program  arc  shown  in  Figs.  5 and  6.  A 
straiglit-through,  can-type  combustor  is  used  with  atomiza- 
tion from  a single  fuel  nozzle.  A water<oolcd,  one-inch 
diameter  stainless  steel  noz.zle  is  used  for  long-time  troubic- 
frcc  operation. 

The  control  console  for  the  simulators  is  shown  in  Fig.  5 
Duplicate  controls  and  measuring  equipment  arc  provided 
for  independent  operation  of  each  simulator.  Specifically, 
sea  water  flow,  fuel  flow,  air  flow,  and  temperature  (from 
thcrmocouple.s)  are  monitored  and  controlled  from  this 
console. 

Figure  6 shows  a close-up  of  the  two  simulators.  In  this 
setup,  note  that  the  two  combustors  arc  mounted  vertically 
while  the  specimen  holder  rotation  motor,  drive  shaft,  and 
the  slip-ring  assembly  arc  mounted  horizontally.  Tlie  pneu- 
matic piston  that  cycles  the  specimens  in  and  out  of  the  hot 
gas  stream  is  mounted  horizontally  underneath  the  table  top. 

During  the  rig  tests,  ciglit  specimens  were  mounted  in  a 
holder  which  was  rotated  at  1725  rpm.  The  holder  was 
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positioned  so  that  the  leadingedge  of  each  specimen  was  one 
inch  from  the  exit  of  the  nozzle. 

Tamparature  Calibrations 

Specimen  metal  temperature  was  continually  monitored, 
recorded  and  controlled  throughout  the  test  duration  by 
means  of  a thermocouple  inserted  into  a small  hole  inside 
a test  specimen.  This  hole  was  electrical  discharge  machined 
through  the  base  of  the  blade  and  was  two  inches  deep  so 
as  to  locate  the  thermocouple  tip  at  the  center  of  the  test 
section.  One  specimen  in  each  group  of  blades  (in  the 
holder)  was  instrumented  in  this  manner  with  a 0.C40-inch 
diameter-lnconel-sheathed,  insulated,  chromehalumel  ther- 
mocouple. Output  of  the  thermocouple  was  fed  to  a slip-ring 
assembly  and  then  to  a potentiometer-type  strip  chart 
temperature  recorder  and  three  mode  controller.  Control 
of  the  specimen  metal  temperature  was  automatic  and  was 
accomplished  by  regulating  the  fuel  flow  to  the  combustor 
nozzle.  Air  flow  was  held  constant  by  means  of 
dome  loading,  diaphragm-type,  high-capacity  air  regu- 
lators. 

Small  thermocouples  were  imbedded  in  the  airfoil  section 
at  known  locations  in  order  to  determine  the  temperature 
gradient  and  the  temperature  distribution  along  the  length 
and  width  of  the  airfoil-type  specimens.  The  results  of  these 
blade  temperature  measurements  are  shown  in  Fig.  7.  In 
Fig.  7A  the  data  from  the  internal  thermocouples  show  that 
the  center  of  the  hot  zone  on  the  airfoil  surface  was  3/4  inch 
down  from  the  blade  tip.  The  thermocouple  control  tem- 
perature was  established  as  15I0®F  for  operation  of  this 
turbine  simulator  at  1650“F.  (Note:  The  peak  tempera- 
ture was  determined  to  be  1670°F  after  initiation  of  the 
tests.) 

Figure  7B  shows  the  specimen  temperature  distribution 
for  the  1 800°F  hot  corrosion  tests,  A thermocouple  control 
temperature  of  IbSO^’F  produced  a peak  metal  temperature 
of  1 800°F  in  this  turbine  simulator  test  rig. 

The  internal  blade  temperature  distribution  for  tests  at 
the  2000'’F  temperature  level  is  shown  in  Fig.  7C.  Foriliese 
tests,  the  peak  temperature  determined  during  calibration 
tests  was  2035“F.  A thermocouple  control  temperature  of 
1 SdO^F  was  established. 


Procedures 

Hot  corrosion  tests  were  performed  under  the  following 
conditions; 

• Standard  grade  JP-5  fuel  was  used  ( sulfur  content  0.04 
to  0.12  percent). 

• A synthetic  sea  water  was  made  (Fed.  Test  Method 
Std.  No.  151,  Method  812)  and  35  parts  sea  salt  per 
1 0^  parts  air  were  injected  into  the  combustion  gases. 

• Duplicate  specimens  of  the  nickel-base  alloys  were 
tested  at  IbSO^Fand  ISOO^F. 


• Cobalt-base  alloys  were  tested  at  1 800  and  2000**F. 

• Nozzle  exit  gas  velocity  was  maintained  at  Mach  0.85 
(<2000  ft/sec)  for  all  tests. 

One  hour  thermal  cycles  were  used  for  a total  of  150 
hours  maximum  at  temperature  for  each  test.  Coated  speci- 
mens were  removed  at  the  end  of  each  30-hour  exposure 
(30  cycles)  for  visual  examination,  cleaning  and  weighing. 
This  interval  was  shortened  to  10  to  20  hours  for  most  of  the 
uncoated  alloys  due  to  early  failures.  Specimens  were 
cleaned  by  soaking  in  distilled  water  (160-200°F)  for  15 
minutes  and  har<d  scrubbed  with  a fine  wire  stainless  steel 
brush.  This  r leaning  method  was  not  detrimental  to  the 
coatings  and  easily  removed  the  accumulated  salt  deposit. 

The  various  substrate-coating  combinations  were  sec- 
tioned and  examined  metallographically  before  and  afterhot 
corrosion  rig  testing.  In  all  cases,  the  specimens  were  sec- 
tioned throu^  the  hottest  area  on  the  blade.  Standard 
metallographic  techniques  were  used.  An  electrolytic 
etchant  (2%  aqueous  solution  of  C1O3)  was  used  throuj^out 
tlie  program. 


Criteria  of  Failure 

All  hot  corrosion  tests  were  terminated  at  150  hours 
exposure,  or  at  the  first  visual  observation  of  substrate  cor- 
rosion. 

Curves  of  cumulative  weight  change  as  a function  of  ex- 
posure time  were  plotted  for  each  test.  These  graphs  were 
used  to  continuously  record  specimen  performance  during 
the  test.  Generally,  the  wei^t  change  curves  provide  a good 
indication  of  coating  performance  luring  testing.  Major 
inflectior  s in  the  curves  (large  weight  gains  and  losses) 
usually  indicated  onset  of  coating  failure  and  substrate  cor- 
rosion. 


STRESS  RUPTURE  TESTING 

Two  batches  of  specirnensof  two  selected  coatings  on  the 
eight  nickel-base  and  the  two  cobalt-base  alloys  were  sub- 
jected to  isothermal  furnace  exposure  for  500  hours  duration 
in  air  atmosphere.  The  coated  nickel-base  alloys  were  ex- 
posed at  I800*F;  the  cobalt-base  alloys  at  2000°F,  Follow- 
ing this  500-hour  exposure,  specimens  from  one  batch  (du- 
plicate specimens  of  all  coating-alloy  combinations)  were 
returned  to  the  appropriate  coating  vendor  for  stripping 
and  recoating  with  the  same  coating  system.  After  recoating, 
the  specimens  were  subjected  to  the  100-hour  stress  rupture 
tests  together  with  the  uncoated  alloys  being  used  to  gen- 
erate baseline  data.  Tests  were  performed  at  I650°F  for  the 
nickel-base  alloys  and  1800'’F  for  the  cobalt-base  alloys. 
The  stress  level  for  each  alloy,  at  each  temperature  level, 
was  selected  to  produce  rupture  in  approximately  100  hours 
maximum. 
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LOW-CY  ?LE  FATIGUE  TESTING 

The  fatigue  tests  were  performed  using  a tension- 
tension  test.  An  MTS  closed-loop  electrohydraulic  fatigue 
testing  machine  was  used  with  a sine  wave  load  program. 
All  tests  were  run  at  a constant  stress  ratio  (R)  of  0.15 
(R  = 0 min./o  max.)  and  at  a frequency  of  20  cycles  per 
second. 

The  tests  were  run  in  such  a manner  that  the  effects  of 
exposure  in  an  oxidizing  environment  were  assessed,  as  well 
as  the  ability  of  the  coatings  to  provide  protection  to  the 
alloys  for  a minimum  of  SOO  hours.  Duplicate  specimens  of 
all  uncoated  alloys  and  of  the  20  coating-alloy  combinations 
were  tested  as  follows: 

• The  stress  for  failure  in  5,000  to  50,000  cycles  was 
determined  at  1400°F  in  an  oxidizing  environment. 


Hardness 

(KHN  50-gm  Load) 


B1900  - Coating  K 

Special  - High  Silicon  (to  15%) 


Magnification:  lOOOX 


Figura  3.  Coating  tyP**  *pacial  (ihaat  2 of  2). 


• Coated  and  uncoated  specimens  of  each  alloy 
were  subjected  to  isotherms!  furnace  expo- 
sure for  500  hours  at  the  following  tempera- 
tures: 

Nickel-base  alloys-l800°F 
Cobalt-base  alloys-2000‘’F 
(Uncoated  alloys  were  exposed  in  an  inert  environ- 
ment and  coated  alloys  in  air). 

• Following  the  furnace  exposures,  specimens  were 
fatigue  tested  to  failure  at  1400°F. 

• The  test  stresses  were  calculated  based  on  original 
cross-sectional  areas  of  the  bars  measured  before 
coating,  and  also  on  the  unaffected  cross-sectional 
areas  of  the  coated  specimens  after  the  high  tempera- 
ture exposures. 

The  1400°F  temperature  was  selected  because  many 
of  the  nickel-base  alloys  experience  a ductility  minimum 
in  the  12(X)  to  1600°F  temperature  range.  Thus,  the 
combination  of  a hard,  relatively  brittle  coating  and  a 
substrate  of  minimum  ductility  would  be  expected  to 
exhibit  the  maximum  interaction  in  this  temperature 
\ ’<nge.  Any  notches  formed  by  the  cracking  of  the  coating 
cokId  be  expected  to  markedly  decrease  the  low-cycle 
fatigue  life. 


T.able  11 

Classification  of  Coatings  on  Nickel-Base  Alloys 


Coating 

Designation 

Type 

Comments 

A 

1(a) 

Appears  to  be  simple  h^h  A1 
activity  coating. 

C 

1(b) 

Not  clearly  Type  1(b) 
because  significant  y'  formed 
at  the  substrate  diffusion 
layer  interface. 

F 

2 

Major  oxide  inclusions 

G 

2 

Major  oxide  inclusions 

1 

1(a) 

Structure  less  well  defined 
than  “A”  but  ratio  tjti  = 3. 

J 

1(b) 

Minor  silicon  addition-less 
than  1 percent. 

K 

Special 

High  silicon  addition-up  to 
1 5 percent. 

1 


Magnification:  1000X  (Approx.) 


Figure  4.  Typicel  aluminide  coMingi  ott  cobett-beie  elloyt. 


EXPERIMENTAL  RESULTS 
HOT  CORROSION 

For  clarity  of  presentation,  the  hot  corrosion  experi- 
mental results  will  be  subdivided  into  four  topical  arcas- 
uncoatcd  nickel-  and  cobalt-base  alloys;  coaled  low-chro- 
niiuni,  nickel-base  alloys;  coated  medium-chromium,  nickel- 
base  alloys;  coated  high-chromium,  nickel-base  alloys;  and 
coated  cobalt-base  alloys. 


Uncoated  Nickel-Base  Alloys 

Figure  8 shows  the  time  to  gross  failure  of  the  uncoated 
nickel-base  alloys  at  1650  and  ISOO^F  in  hot  corrosion  rig 
testing.  Time  to  failure  is  plotted  against  alloy  chromium 
content  and  effective  chromium  content  (Cr  + I/2A1  - 
l/2Mo).  This  latter  parameter  was  selected  rather  than  the 
Lewis  and  Smith  (1)  paramctcr-Cr  + l,l(Ti)  + 0.7(A1)  or 
the  Rentz  (2)  parameter-Cr  - 3.8(Al-5)  + 2.0W  - 12.5C  - 
1.4(Mo-l)  because  of  the  better  fit  to  the  data  at  1650'’F. 
None  of  the  parameters  show  a good  linear  fit  to  the  data 
at  the  1800°F  test  temperature. 

At  1650®F  the  low-chromium  alloys  B1900,  IN-IOO, 
MAR-M246  and  SEL-1 5 had  a test  life  of  approximately  10 


hours.  Significant  distinctions  were  difficult  to  note  be- 
tween these  alloys.  Attack  was  general,  with  the  SEUIS 
and  B1900  alloys  being  representative  of  this  class  of  alloys 
(Fig.  9).  SEH5  shows  the  majority  of  attack  in  areas  in 
which  the  temperature  is  between  1450  and  1625°F  and  a 
minimum  of  attack  at  temperatures  between  1625  and 
1650°F;  whereas  the  B1900  alloy  shows  maximum  attack 
in  the  1550°  to  1650®F  range. 

Tlie  medium-chromium  alloys,  Inco  71 3C  and  U-700,  per- 
formed fairly  well  in  the  1650°F  test,  withstanding  50  to 
1 10  hours  of  exposure  before  localized  attack  resulted  in  re- 
moval from  test.  The  location  and  type  of  attack  noted  is 
shown  in  Fig.  10  and  generally  occurred  in  the  high  tempera- 
ture area  of  the  test  paddle.  The  higher  chromium  contents 
of  these  alloys  appear  to  afford  nearly  complete  protection 
to  the  test  environment  at  temperatures  below  1550®F  for 
the  periods  noted  in  Fig.  8A. 

The  high-chromium  alloys-Rene’  41  and  U-710- 
withstood  the  full  test  period  of  150  hours  at  1650®F.  The 
surface  finish  of  U-710  was  essentially  unaffected;  whereas 
localized  attack  in  the  1650°F  area  of  the  paddle  was  ap- 
parent with  R-41  at  the  conclusion  of  the  test.  The  molyb- 
denum concentration  in  the  alloy  is  probably  responsible 
for  a performance  poorer  than  that  of  U-710.  The  effective 
chromium  calculations  of  this  paper  and  of  Rentz  would 
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A 


B 


C 


1650T 

Test  Temperature 


1800 *F 

Test  Temperature 


2000 *F 

Test  Temperature 


T 1670*F 
max . 


T 1800*F 
max. 


T 2035*F 
max. 


Fiyir*  7.  Sptcitiwn  tMnptratui*  dittribution  for  hot  corrofion  tost. 


indicate  a significant  negative  effect  of  the  nearly  10  per- 
cent molybdenum  content  of  Rene’  41. 

In  the  I800“F  test  the  low<hromium  alloys  and  Inco 
71 3C  had  less  than  5 hours  life  as  shown  in  Fig.  8B.  The 
difference  in  performance  of  U-700  and  Inco  713C  is  very 
marked  under  this  test  condition  with  the  former  alloy 
withstanding  the  entire  1 50  hours  and  the  latter  withstand- 
ing less  than  5 hours.  An  effective  chromium  content  cal- 
culated with  the  Lewis  and  Smith  equation,  which  heavily 
weights  the  presence  of  titanium,  would  predict  the  noted 
distinction  between  these  two  alloys;  however,  this  same 
equation  would  not  predict  the  fact  that  the  U-710  alloy 


and  Rene’ 41  would  exhibit  poorer  performance  than  U-700. 
U-710  withstood  the  test  but  exhibited  significantly  more 
surface  attack  than  U-700,  although  attack  was  minor  in 
depth,  resembling  oxidation  rather  than  the  catastrophic 
local  attack  characteristic  of  hot  corrosion. 

A constrast  between  the  best  performing  alloy,  U-700, 
and  one  of  the  poorest  performing  alloys,  SEL-15,  after 
1800'’F  hot  corrosion  r|g  testing  is  presented  in  Fig.  II 
and  serves  to  illustrate  the  extremely  important  role 
coatings  must  play  in  order  to  effectively  use  low- 
chromium,  high-strength  alloys  in  a salt-containing  environ- 
ment. 
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KKKKCTIVE  CHROMIUM  CONTENT  OH  AELOy 

EEKECTIVE  CHROMIUM  CONTENT  OR  ALLOY  CHROMIUM  CONTENT  (Wei(?ht  Percent) 

CHUO^'IUM  CONTENT  (WcIkIU  Percent) 


MINIMUM  EEKEC  TIVK  CHROMIUM  CONTENT  ( wl ) 
J~VO  WmiS  I ANI)  TES  T CONDI  TIONS 


c EFKEC  TIVE  CHROMIUM  CONTEN  T 
Cr  - 1,  2A1  - 1/2  Mo 

o CHROMIUM  CONTENT  

(1)  LETTERS  ARE  ALLOY  DESIGNATIONS 


10  20  30  -10  50  fiO  70  SO  90  100  110  120  130  »0  150  1«0 

TIME  TO  GROSS  SURFACE  FAILURE  (Hours) 


MINIMUM  EFFECTIVE  CHROMIUM  CONTENT  (wt  ) 
"TO  WITHSTAND  TEST  CONDITIONS 
OR 


o EFFECTIVE  CHROMIUM  CONTENT 
Cr  < 1/2AI  - Mo 

o CHROMIUM  CONTENT 

(I)  LETTERS  ARE  ALLOY  DESIGNATIONS 


• I f I I I I I I 

10  20  30  40  50  CO  70  80  90  100  110  120  130  MO  150  ICO 

TIME  TO  GROSS  SURFACE  FAILURE  (Hours) 

Figur*  8.  Hot  corrosiofi  rig  tort  rowlt*  for  unc<)«t«d  nickol-bat  ■lloyi. 


Figure  9.  Typical  surface  attack  on  low-chromium,  nickel-base  superalloys  during  1650'~'F  hot  corrosion  rig  tasting  (speci- 
mens glass  bead  blasted). 


U-700- 110  Hours  Inco  713C  - 60  Hours 

Figure  10.  Typical  surface  attack  on  medium-chromium,  nickel-baM  superalloys  during  16S0°F  hot  corrosion  rig  testing 

(specimens  gtam  bead  blastsd). 


i 
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SEL-15- 20  Hours 


U-700  - 150  Hours 


Figur*  1 1.  Typical  wrftMC  attack  on  nickal-baas  alloys  after  1800°F  hot  corrosion  rig  tasting  (spacimtns  glass  bead  blastad). 


Uncoated  Cobalt-Base  Alloys 

The  baseline  temperatures  ( 1 800  and  2000°F)  at  wliich 
uncoated  cobalt-basc  alloys  (X-40  and  Wl-52)  were  hot  cor- 
rosion rig  tested  produced  extremely  rapid  corrosion.  Tests 
were  terminated  on  both  alloys  after  17  hours  at  ISOO'^F 
and  a loss  of  0.3  to  0.5  gram  per  paddle.  At  2000'’F,  the 
Wl-52  alloy  was  catastrophically  attacked,  losing  1.3  grams 
per  paddle  in  10  hours.  A similar  weight  loss  required  30 
hours  for  the  X-40  alloy.  The  attack  on  the  cobalt-basc 
alloys  was  relatively  general  in  nature  as  if  occurring  pri- 
marily by  oxidation-erosion  rather  than  by  the  very  selec- 
tive attack  seen  on  the  low-chromium,  nickel-base  alloy. 


Uncoated  Alloy  Performance 

At  the  comparable  ISOO^F  test  temperature  the  cobalt- 
basc  alloys  were  superior  in  hot  corrosion  resistance  to 
B1900,  IN-100,  MAR-M246,  SEL-15  and  Inco  7I3C  and 
markedly  inferior  to  Rene’  41,  U-700  and  U-710  as  can  be 
seen  in  Fig.  1 2.  From  the  test  results  on  the  ur.coated  alloys 
it  should  be  clear  that  tlie  evaluation  of  the  effectiveness  of 
coatings  in  resisting  hot  corrosion  will  be  more  easily  deter- 
mined on  die  alloys  B 1900,  lN-1 00,  MAR-M246,  SEL-15  and 
Inco  7I3C  than  on  the  other  nickel-base  alloys  which  can 
withstand  a high  percentage  of  the  test  duration  of  150 
hours  without  a protective  coating  as  noted  in  Fig.  12,  The 


cobalt-basc  alloys,  which  exhibit  little  resistance  to  attack 
at  the  two  test  temperatures  when  uncoated,  form  an  excel- 
lent base  for  coating  evaluation. 


HOT  CORROSION  OF  COATED  NICKEL-BASE  ALLOYS 
Low-Chromium  Content  Alloys 

Figure  13  illustrates  the  hot  corrosion  rig  lives  of  all  of 
the  coatings  on  the  low<hromium  alloys  as  a function  of 
original  coating  thickness.  With  few  exceptions,  the  thicker 
coatings  provided  the  superior  protection  to  the  substrates. 
A coatingat  least  0.003  inch  in  thickness  is  required  to  with- 
stand this  very  severe  150-hour  test.  The  thicker  coatings 
generally  have  the  Type  1(a)  or  1(b)  (e.g.,  A and  J)  high 
aluminum  activity  structures  in  order  to  generate  the  thick- 
ness of  coating  by  relatively  rapid  inward  diffusion  of  alumi- 
num; consequently,  there  are  the  variables  of  thickness, 
structure,  and  chemical  composition  that  can  be  responsible 
for  performance  rather  than  thickness  alone.  It  should  be 
noted  that  a thin  coating,  c.g.,  the  1 coating  on  B1900, 
which  is  rated  as  Type  1(a)  (see  Table  II),  performed  very 
poorly  in  test  indicating  the  almost  complete  dependence  of 
the.se  I?-NiAI  type  coatings  on  thickness  to  afford  long-time 
protection. 

Generally  the  Type  2 coatings  (F  and  G)  performed 
poorly  as  did  the  over-diffused  Type  1(b)  coating  (C). 
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TEMPERATURt: 


Failure  of  these  coatings  was  usually  in  less  than  10  to  40 
hours.  An  interesting  exception  was  the  “G”  coating  which 
exhibited  good  and  bad  performance  even  thougli  the  thick- 
ness was  less  than  0.002  inch.  This  coating  contains  large 
quantities  of  angular  aluminum  oxide  particles  (see  Fig.  3A), 
some  of  which  are  50  percent  or  more  in  cross  section  of  the 
total  outer  ^NiAl  layer.  It  mus*  be  concluded  that  these 
oxide  particles  significantly  contribute  to  the  coating  per- 
formance in  a hot  corrosion  environment. 

Within  the  test  temperature  range,  the  severity  of  attack 
did  not  Cl.  .isistently  increase  with  temperature  as  can  be 
seen  from  the  following  tabulation  of  the  better  performing 
alloy-coating  combinations: 


Alloy-Coating 

Life  (hours) 

Life  (hours) 

Code 

1650°F 

1800*F 

BA 

60 

150 

BJ 

120 

150+ 

BK 

120 

150 

lA 

150f- 

120 

IJ 

150+ 

90 

IG 

60 

120 

MA 

150+ 

150+ 

MJ 

150+ 

150+ 

MG 

20 

150 

SA 

150+ 

150+ 

SG 

35 

120 

Tne  Type  1(a)  and  (b)  coatings  (A  and  J)  performed  in  a 
random  manner  in  thetwo  temperature  environments,  some- 
time failing  in  a shorter  time  at  the  lower  temperature  and 
longer  time  at  the  higher  temperature.  The  thin,  particle- 
containing,  Type  2 coating  (Coating  G)  on  three  different 
alloys  exhibited  shorter  lives  at  16S0°F  than  at  ISOO^F  indi- 
cating a strong  temperature  dependency  of  the  mechanism 
of  protection  of  this  coating. 

Particle  inclusions  cannot  be  rated  as  generally  enhancing 
the  performance  of  coatings.  The  F coating  (Type  2)  had 
significant  numbers  of  aluminum  oxide  inclusions  es  well  as 
the  complex  high-titanium  phases  (see  Fig.  3A),  was  con- 
sistently thicker  than  the  G coating,  and  yet  its  performance 
was  consistently  poorer  on  the  low  chromium  alloys. 

Composition  of  the  substrates,  particularly  with  the 
Type  1 coatings,  is  significant  in  the  final  composition  of 
the  outer  layer  of  the  coatings.  Coatings  formed  by  the  in- 
ward diffusion  of  aluminum  tend  to  precipitate  phases  that 
are  only  slightly  soluble  in  ^NiAl,  e.g.,  Cr,  Mo,  W,  in  the 
outer  region  of  the  coating  as  well  as  in  the  interdiffusion 
zone  (see  Fig.  3A).  These  precipitates,  primarily  carbides, 
chromium  aluminides  (Cr2AI  + Cr3Al2)  and  alloys  of  chro- 
mium can  be  concurrently  oxidized  with  the  ^NiAl  thus 
changing  the  character  of  the  oxides.  The  test  results  on  the 
four  low-chromium  alloys  indicate  that  an  . loy  low  in 
molybdenum  and  high  in  tungsten  (MM246)  can  be  more 
consistently  protected  than  an  aDoy  such  as  B1900 


Figure  12.  Summiry  of  hot  corrosion  rig  tests  on  uncoeted  nickel- 
end  cobalt-base  alluyR 


containing  large  quantities  of  molybdenum  with  no  tungsten. 
The  complexity  of  the  superalloys,  however,  makes  any 
generalization  on  compositional  effects  extremely  ques- 
tionable. 

Little  has  been  noted  about  the  K coating,  which  EMP 
data  show  to  contain  up  to  1 S percent  silicon.  The  perform- 
ance of  the  coating  was  quite  good.  The  coating,  which,  by 
X-ray  diffraction  contained  Cr3$i  as  well  as  ^NiAl  and 
Cr3Al2,  and  some  unidentified  other  phases,  probably 
silicides,  appeared  to  be  low  in  expansion  and  was  high  in 
hardness.  Cyclic  thermal  exposure  produced  progressive 
spalling  of  the  coating  indicating  a near  total  lack  of 
ductility.  It  was  the  only  coating  on  nickel-base  alloys  with 
a severe  spalling  problem.  The  basic  composition  of  the  K 
coating  appeared  to  be  extremely  resistant  to  the  test  con- 
ditions; stresses  developed  from  differential  thermal  expan- 
sion between  coating  and  substrate  were  far  more  deleterious 
to  the  coating  than  any  observable  effect  of  hot  corrosion. 

Microstructures  illustrating  the  changes  occurring  in  the 
better  performing  coatings  on  low-chromium,  nickel-base 
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Figurt  13.  Summsiy  of  hot  corrosion  rig  tstt  rsailu  on  cosisd  lowr-chromium  content  nickel-bass  superalloys. 


alloys  are  shown  in  Figs.  Hand  15  for  theas<oatcd,  I650'’F 
tested  and  1 800°F  tested  A and  J coatings  on  IN-1 00  alloy. 
Both  coatings  as  applied  have  the  typical  Type  1 structure, 
i.e.,  an  outer  layer  containing  a light  etching  chromium- 
rich  phase  and  '"rbides,  a denuded  zone  of  relatively  pure 
/}-NiAI,  and  th  iplex  interdiffusion  zone  that  ishigli  in 
carbides,  chromi  nd  refractory  elements  which  have  low 
solubility  and  lov.  usion  rates  into  ^NiAI.  Both  coatings 
have  a continuous  7-Ni  solid  solution  phase  between  the 
substrate  and  the  interdiffusion  zone  as-coated  which  is  due 
to  the  higli  coating  application  temperature  and  to  the  in- 
stability of  y'  in  the  presence  of  higli  percentages  of  Grand 
,Mo.  Exposure  at  1650®F  for  150  hours  converts  the  y 
phase  to  a complex  y'  and  sigma  phase  and  results  in  slight 
interphase  and  internal  oxidation.  The  A coating,  which  has 
an  Al  content  of  approximately  30  percent  increases  in 
thickness  by  0 0005  inch  during  this  expo.sure;  whereas  the 
lower  Al  content  J coating  (20-24  percent)  is  more  diffu- 
sionally  stable.  At  ISOO'^F  the  high  alnmii  i A coating 
shows  much  more  resistance  to  die  environment  than  the 
lower  aluminum  coating.  The  J coating  is  completely  pene- 
trated in  only  90  hours  while  only  sliglit  selective  attack  oc- 
curs on  the  A coating  in  120  hours. 


The  glass  bead  blasted  surface  finish  of  selected  speci- 
mens after  test  is  shown  in  Fig.  1 6 and  illustrates  attack  of 
coatings  with  excellent  hot  corrosion  resistance  and  from 
tliosc  showing  almost  no  improvement  over  the  substrate 
alloys. 

Medium-Chromium  Content  Alloys 

Figure  17  presents  the  hot  corrosion  rig  lives  of  the 
various  coatings  on  the  medium-chromium,  nickel-base 
alloys  (Inco  71 3C  and  U-700)  plotted  against  original  coat- 
ing thickness.  The  data  show  that  coatings  can  shorten  the 
time  to  gross  failure  over  the  uncoated  alloys.  This  early 
attack  was  not  observed  with  any  of  the  very  short-lived 
low-chromium,  nickel-base  alloys.  Coatings  C,  F,  and  I 
decreased  the  time  to  significant  attack  on  the  U-700  alloy 
at  I800°F  and  liic  A and  J coatings  sliowed  little  or  no 
increase  in  the  time  to  gross  attack  on  this  alloy.  The  type 
of  attack  was  similar  to  that  observed  on  the  low-chromium 
alloys  although  slightly  less  severe.  The  deep  localized  at- 
tack of  both  low-  and  medium-chromium  alloys  in  hot  cor- 
rosion rig  testing  indicates  a strong  galvanic  influence  of  the 
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coating  containing  large  alumina  particles  (G).  This  coating, 
at  only  0.0021  inch  in  thickness,  afforded  complete  protec- 
tion to  Inco  7I3C  for  the  ISO-hour  test  duration  at  both 
maximum  test  temperatures.  Other  coatings  affording 
equivalent  protection  to  G coating  on  Inco  713C  were 
thicker  by  50  percent  or  more. 

Microstructure  of  the  G coating  on  Inco  7I3C  is  shown 
in  Fig.  1 8.  Structures  previously  shown  for  the  A and  J 
coatings  are  similar  to  the  structure  on  low-chromium  alloys. 
There  were  only  minor  differences  in  microstructure  of  coat- 
ings on  the  two  medium-chromium  aUoys,  the  principal  dif- 
ference being  the  increase  in  sigma  phase  needles  or  platelets 
in  the  U-700  alloy  at  the  coating  substrate  interface  during 
testing.  Very  little  change  was  noted  in  the  structure  of  the 
G coating  after  1650°F  exposure.  Both  as-coated  and 
1 6S0°F  tested  structures  were  primarily  ^iAI  with  included 
AI2O3  particles.  The  chromium  and  refractory  metal-rich 
interface  was  present  as  was  the  interface  of  7' characteristic 
of  Type  2 coatings.  Sigma  phase  was  not  present.  Principal 
change  was  in  the  increase  in  thickness  of  the  7’  layer  and 
a decrease  in  hardness  of  the^NiAl  indicating  a decrease  in 
aluminum  content.  After  the  1 800'^F  exposure  the  matrix 
of  the  coating  was  7'  with  retained  islands  of  /}.  Sigma  phase 
was  beginning  to  form  at  the  coating  substrate  interface. 
From  the  microstructure  it  would  appear  that  little  retained 
protection  would  be  afforded  by  the  coating  after  the 
1800“F  exposure.  The  J coating  on  Inco  713C  retained^ 
NiAl  structure  and  the  potential  for  significantly  longer 
protection  than  the  G coating  after  1 800°F-1 50-hour  testing. 

The  surface  appearance  of  representative  coated  U-700 
alloy  specimens  after  test  is  shown  in  Fig.  1 9.  U-700  alloy 
specimens  only  are  used  to  illustrate  the  potential  for  more 
severe  pitting  attack  than  is  experienced  by  the  uncoated 
alloy.  Overall,  this  pitting  attack  is  more  severe  at  1650°F 
than  at  1800°F  which  contrasts  with  the  generally  increased 
coating  loss  at  1 800°F  and  may  indicate  an  attack  mechanism 
change  on  this  alloy  between  the  two  test  temperatures. 


attack.  The  substrate  appears  anodic  to  the  coatings  and, 
consequently,  at  a breakthrough  in  the  coating  the  attack  is 
accelerated  over  that  of  the  uncoated  alloy.  This  effect  is 
more  readily  apparent  with  the  U-700  alloy  because  of  rela- 
tively good  performance  in  hot  corrosion  rig  testing  in  the 
uncoated  condition. 

From  the  test  data  (Fig.  17)  the  influence  of  coating 
thickness  is  not  clearly  as  apparent  as  with  the  low<hro- 
mium  alloys.  Good  and  bad  performance  was  noted  with 
thick  and  thin  coating.  I'he  type  of  coating  does,  how- 
ever, appear  to  strongly  influence  performance.  Type  I 
coating$(A,  I and  J)  show  excellent  protection  to  both  Inco 
713C  and  U-700  at  I650®F;  however,  at  1800®F  none  of 
these  coatings  performed  as  well  as  the  uncoated  alloy  in 
inhibited  localized  attack.  The  thicker  A and  J coatings 
were,  however,  superiorto  the  thin  I coating  at  1800*’F.  The 
unusual  performance  in  the  test  was  exhibited  by  a Type  2 


High-Chromium  Content  Alloys 

Figure  20  presents  the  hot  corrosion  rig  1 /es  of  the  vari- 
ous coatings  on  the  higiKhromium,  nickel-base  alloys  (R41 
and  U-710).  The  uncoated  lives  of  these  alloys  were  so 
long  that  little  improvement  could  be  expected  to  be  ob- 
servable by  macro-examination  of  the  specimen.  All 
coatings  increased  the  life  of  Rene’  41  at  1800°F  and  did 
not  decrease  the  life  at  1650‘*F.  On  U-710,  the  very  thin 
G coating  appeared  to  afford  no  enhancement  of  protection 
to  the  alloy  and  perhaps  produced  a slight  increase  in  the 
rate  of  pitting  type  of  attack  on  the  alloy.  This  effect  was 
not  nearly  as  pronounced  as  with  the  C,  F and  I coatings 
on  U-700  Alloy. 

The  microstructures  of  the  A and  J coatings  on  U-710 
arc  typical  of  the  better  performing  coatings  on  the  high- 
chromium,  nickel-base  alloys  and  are  shown  in  Fig.  21  in 
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the  as^oated  and  tested  conditions.  Both  coatings  siiow 
large  amounts  of  the  light  etching  chromium-rich  phase  in 
the  outer  region  of  the  as-applied  coating  with  the  A coating 
containing  the  higher  concentration.  Aluminum  concentra- 
tion, judged  by  EMP  analyses  and  etching,  was  also  higher 
in  the  A than  in  the  J coating.  The  7 interface  layer,  as  pre- 
viously noted,  of  both  the  A and  J coatings  on  IN-100 
alloy  (Figs.  14  and  IS)  was  present  on  the  A coating  only 
as-coated  which  is  an  indication  of  a higher  application 
temperature  for  this  coating  than  for  the  J coating.  Coat- 
ing thicknesses  were  similar  for  the  two  coatings-0.0025 
to  0.0028  inch.  After  1 50-hour  e.xposure  at  IbSO^F,  the 
A coating  increased  in  thickness  to  approximately  0.004 
inch  and  the  J coating  showed  no  thickness  change.  The 
interface  area  of  both  coating-alloy  combinations  developed 
a significant  7'  layer  without  growth  of  acicular  sigma 
phase.  Surface  attack  appeared  minor.  After  the  exposure 
to  1 800®F  for  1 50  hours,  the  A coating  showed  some  deep- 
ening surface  attack,  but  protection  was  complete  and  a 
continuous  ^NiAl  layer  of  over  0.002  inch  in  thickness  was 


maintained.  The  J coating  was  essentially  consumed  in  the 
1 800°F  exposure,  retaining  no  continuous  /3-NiAl  and  only 
a 0.001 5-inch  layer  of  7'.  The  A coating  was  markedly 
superior  to  the  J coating  on  U-710  alloy.  A comparison 
between  the  A and  J coatings  cannot  be  made  on  Rene’  41 
because  the  J coating  was  not  applied  to  this  alloy.  Protec- 
tion afforded  by  the  A coating  on  Rene’ 41  was  equivalent 
at  1650°F,  but  performance  at  1800°F  was  similar  to  the 
J coating  on  the  U-710  alloy.  The  high-molybdenum  content 
of  the  Rene’  41  alloy  may  noticeably  decrease  coating  life 
above  1650°F.  A negative  point  for  the  high-aluminum  con- 
tent type  1(a)  coating  is  poor  diffusional  stability.  Up  to 
50  percent  thickness  growth  is  noted  in  the  coating  after 
150  hours  at  1650°F  on  both  Rene’  41  and  U-710  alloys. 


HOT  CORROSION  RIG  TEST  OF  COATED 
COBALT-BASE  ALLOYS 

Figure  22  illustrates  the  life  of  coated  cobalt-base  alloys 
versus  original  coating  thickness.  Within  the  thickness  range 
investigated,  there  was  not  a strong  correlation  between 
coating  thickness  and  resistance  to  hot  corrosion  at  either 
1800“  or  2000“F. 

All  coatings  on  WI-52  and  X-40  alloys  protected  the  sub- 
strate from  attack  for  1 20  hours  or  longer  at  1 800°F.  Coat- 
ing C on  Wl-52  provided  the  longest  protection  and  was 
also  nearly  the  thickest  coating.  The  H coating,  which  was 
25  percent  thinner  than  the  C coating,  provided  nearly 
equivalent  protection.  On  X-40,  the  thickest  and  thinnest 
coatings,  A and  D respectively,  provided  the  better  per- 
formance, again  pointing  out  the  lack  of  correlation  be- 
tween coating  thickness  and  test  life. 

Testing  at  2000“F  produced  failure  in  all  coatings  be- 
tween 50  and  70  hour-  on  both  substrates.  This  life  cor- 
relates well  with  the  simple  oxidation  lives  of  coated  alloys 
at  this  temperature  in  rig  tests  (3)  and  does  not  indi- 
cate major  acceleration  of  attack  by  salt  corrosion.  Although 
these  coated  cobalt-base  alloys  have  seen  extensive  use  in 
first  stage  turbine  no7.zle  vanes,  the  life  expectancy  of  coat- 
ings and  alloys  is  extremely  short  at  the  2000“F  tempera- 
ture and  only  moderate  at  1800°F  with  or  without  salt 
addition.  This  is  in  marked  contrast  to  many  nickel-base 
superalloys  that  have  excellent  oxidation  lives  in  these 
temperature  ranges  without  salt  being  present. 

Typical  appearances  of  (coated  WI-52  and  X-40)  speci- 
mens after  exposure  to  1 800°F  and  2000°F  are  shown  in 
Figs.  23  and  24.  As  can  be  seen,  failure  is  never  catastrophic 
and  is  localized  in  or  near  the  hottest  area  on  the  test 
specimen. 

The  microstructiires  of  the  best  performing  coatings  on 
WI-52  and  X-40  after  1 50  hours  exposure  at  1 800“F  are 
diown  in  Fig.  25.  The  C coating  on  WI-52  was  almost  un- 
affected by  the  exposure.  No  7C0  was  evidenced  at  the 
surface;  there  was  little  evidence  of  an  increased  amount  of 
internal  oxidation;  and  sliglit  diffusion  of  Al  into  the  sub- 
strate was  noted.  The  A coating  on  X-40  showed  little 
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Figurt  20.  Summary  of  hot  corroaion  rig  last  raMilts  on  coatad  high-chromium  content  nickel-bate  alloys. 


evidence  of  change  in  coating  tiiickncss,  but  significant 
internal  oxidation  had  occurred  and  7C0  was  beginning  to 
form  on  the  surface  and  was  widely  distributed  tiirouglio»t 
the  coating.  The  C coating  on  WI-52  was  by  far  the  most 
stable  coating  evaluated  on  cobalt-base  alloys  at  a test 
temperature  of  ISOO^F.  All  other  coatings  showed  signifi- 
cant consumption  in  the  test,  e.g.,  D and  H on  Wi-52  and 
B and  H on  X-40  were  over  80  percent  consumed  in  1 50 
hours  at  1 800°F. 


LOW-CYCLE  FATIGUE  TESTS 
Unooated  Nickel-Base  Alloys 

The  two  wrought  alloys,  U-700  and  Rene’  41,  exhibited 
the  highest  fatigue  strength  for  a 10^  cycle  life  in  the  as- 
heat-treated  condition  (Fig.  26),  Tlie  U-700  alloy  was 
slightly  superior  to  the  Rene’  41  alloy  (133.0  ksi  to  124 
ksi). 

Of  the  four  as-cast,  low-chromium  alloys,  the  MAR-M 
246  alloy  exhibited  a fatigue  strength  of  123  ksi, 


approximately  the  same  as  the  wrought  Rene’  41  alloy. 
All  other  low<hromium  alloys  (lN-100,  SEL-15  and 
B1900)  were  lower  in  strength,  with  the  B1900  alloy  show- 
ing a strength  of  107.5  ksi  or  13  percent  less  than  the 
MAR-M246  alloy. 

All  uncoated  alloys  were  thermally  exposed  in  a dry  argon 
atmosphere  for  500  hours  at  ISOO^F.  After  exposure,  the 
test  sections  of  all  specimens  were  machined  from  the 
initial  0.250-inch  diameter  to  tlie  0.185-inch  diameter 
required  for  consistent  failure  in  the  gage  section  of  the 
specimens. 

The  test  data  indicate  a reduction  in  the  fatigue  life  fol- 
lowing the  prolonged  exposure  for  all  the  uncoated  alloys 
except  713C.  The  713C  alloy  showed  good  metallurgical 
stability  with  the  fatigue  strength  slightly  higher  after  the 
long  term  exposure.  Only  a small  decrease  in  strcr>gth  was 
exhibited  by  the  IN-100  (-1%),  SEL-15  (-3%).  All  others 
showed  a loss  in  strength  in  excess  of  3 percent  indicating  a 
potential  problem  for  long-term,  high-temperature  operation 
with  these  alloys.  The  largest  reduction  in  fatigue  strength, 
as  would  be  expected,  occurred  with  the  two  wrought  alloys, 
U-700  and  Rene’  41,  16  and  14  percent,  respectively. 
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Figur«  22.  Summary  of  hot  corrosion  rig  test  results  on  coated  cobalt-base  alloys. 


180(fF 


Coating  D - 150  Hours 


Coating  C — 150  Hours 


2000' F 


Coating  D - 90  Hours 


Coating  B — 90  Hours 


Figure  23.  Typicei  surface  attack  on  coated  Wl-52  alloy  after  hot 
corrosion  rig  resting. 
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Figure  24.  Typical  surface  attack  on  coated  X-40  alloy  after  hot 
corrosion  rig  tasting. 


Hardness  KHN 


C on  WI-52  A on  X-40 

Figur*  25.  Ty(>ic*l  microttructurt  of  supofior  coatingt  on  cobalt-bm  alloyi  afttr  txpoiura  for  150  houri. 


Coated  Nickel-Base  Alloys 

Another  reduction  in  fatigue  strength  was  apparent  for 
most  of  the  nickel-base  alloys  after  coating  and  then  expos- 
ing the  specimens  in  an  air  environment  at  I800°F  fo*  500 
hours. 

TheJ  coating  (Type  1(b))  on  B 1900  and  MAR-M246  did 
not  cause  any  significant  reduction  in  the  low<ycle  fatigue 
strei^th  of  these  alloys.  This  coating,  which  was  applied  to 
six  of  the  eight  nickel-base  alloys,  appeared  to  have  the  least 
influence  on  the  fatigue  properties  of  any  of  the  coatings 
evaluated.  Loss  in  strength  ranged  from  zero  (on  B1900)  to 
a maximum  of  15  percent  on  the  U-710  alloy.  The  type 
1(a)  A coating  with  a high-aluminum  activity  was  applied  to 
seven  of  the  alloys  and  caused  the  largest  drop  in  fatigue 
strength  of  the  coatings  evaluated.  This  is  undoubtedly 
due  to  the  diffusional  instability  of  this  coating  system. 
Rapid  diffusion  of  aluminum  into  the  substrate  was  noted 
for  this  coating  system  during  hot  corrosion  testing  at  1650 
and  1800°F. 

Best  metallurgical  stability  was  exhibited  by  the  MAR- 
M246  and  B1900  alloys.  The  A and  J coatings  (Type  1(a) 
and  Type  1(b)  coatings)  on  these  two  alloys  reduced  the 
10^  cycle  fatigue  strength  by  3 percent  of  the  MAR-M246 
alloy  (average  loss  of  both  coatings)  and  2 percent  of  the 


B1900  alloy,  respectively.  However,  total  loss  in  strength 
of  these  two  alloys  after  coating  and  prolonged  exposures  at 
1800°F  was  generally  in  excess  of  10  percent. 

The  two  wrought  alloys,  Rene’  41  and  U-700,  showed  the 
largest  average  loss  in  strength  due  to  the  coating  and  pro- 
longed exposure.  The  two  coatings  on  Rene’  41  dropped 
the  strength  27  and  45  percent,  whereas  on  U-700,  the  coat- 
ings reduced  the  strength  by  12  and  33  percent.  Again,  the 
Type  1(a)  coating  caused  the  largest  drop  in  fatigue 
strength. 


Uncoated  Cobalt-Base  Alloys 

The  fatigue  strength  of  the  two  cobalt-base  alloys  was 
considerably  lower  than  the  nickel-base  alloys  (Fig.  27).  The 
maximum  stress  level  for  a 10^  cycle  life  was  69.5  ksi  for 
the  Wl-52  alloy  and  59,5  ksi  (15  percent  less)  for  the  X40 
alloy. 

Both  of  the  cobalt-basc  alloys  showed  a decrease  in 
fatigue  strength  following  the  exposure  at  2000°F  for  5(X) 
hours  duration.  The  X-40  alloy  exhibited  a small  decrease 
in  strength  (approx.  3%);  whereas  the  Wl-52  alloy  shov/ed  a 
loss  of  ~8  percent,  dropping  from  69.5  ksi  to  64.0  ksi  for 
a 10“*  cycle  life. 


65 


Figure  27.  Comparison  of  failure  stresses  at  10^  cycles  for  cobalt- 
base  alloys. 


Coated  Cobalt-Base  Alleys 

Tlic\VI-52alIoydidnotsiiowany  drop  in  fatigue  strcnglli 
due  to  tlic  coating  and  prolonged  exposure  at  2000°  F. 
Botli  tlie  B and  C coated  WI-52  alloy  specimens  exhibited 
a lO"*  cycle  fatigue  strength  of  64  ksi,  approximately  the 
same  strength  as  the  uncoa ted  exposed  specimens.  The  X-40 
alloy  with  the  A coating  showed  a 15  percent  decrease  in 
strcngthaftcrcoatingand  exposingat  2000°F.  The  strength 
dropped  from  57.8  ksi  (uncoated-exposed)  to  49.0  (coated- 
exposed).  The  D coating  on  X-40  exhibited  a 12  percent 
increase  in  strength  due  to  the  coating-exposure  cycle. 


STRESS  RUPTURE  TESTS 
Uncoated  Nickel-Base  Alloys 

The  strcK  rupture  data  for  the  uncoated  nickcl-basc 
alloys  were  in  good  agreement  with  thcpublisiicd  literature 
values.  Most  of  the  test  points  were  on,  or  quite  close  to, 
the  standard  curves  with  very  little  scatter  between  the 
duplicate  test  specimens. 

Coated  Nickel’Base  Alloys-Thcrmally  exposed 

The  results  of  the  s'rcss  rupture  tests  on  the  nickel-base 
alloys  arc  shown  in  Fig.  28.  These  data  arc  presented  as  a 
ratio  of  the  hours  to  rupture  for  the  coated  alloys  to  base- 
line alloys  after  f I ) thermal  exposure  for  500  hours,  and  (2) 
thermal  exposure  for  500  hours  followed  by  stripping  and 


rccoating.  For  most  uncoated  nickel-base  alloys,  a decrease 
in  time  to  rupture  was  noted  after  the  1800°F,  500-hour 
exposure. 

At  a test  temperature  of  1650°F,  the  U-710,  MAR-M246, 
SEL-15  and  IN-100  alloys  showed  a definite  decrease  in  life 
for  botli  coating  systems.  The  decrease  in  rupture  life  was 
greatest  for  tlie  U-710  and  MAR-M246 alloys  (approximately 
30%  of  baseline).  The  U-700  and  BI900  alloys  exhibited  a 
decrease  in  rupture  life  with  only  one  of  the  two  applied 
coating  systems  and  an  increase  with  the  other  coating,  but 
this  apparent  increase  in  strength  may  be  due  to  scatter  in 
the  test  data.  Neither  of  the  two  coatings  on  Rene’  41 
caused  a reduction  in  stress  rupture  life  at  1650°F.  The 
stress  rupture  tests  were  terminated  after  exposures  ranging 
up  to  329  hours  at  I650°F.  Only  one  G coated  Rene’  41 
specimen  failed  after  206  hours  exposure  at  1650°F.  Total 
elongation  was  approximately  30  percent,  which  was  in 
good  agreement  with  the  results  of  the  tests  on  the  uncoated, 
unexposed  alloy. 

The  B1900  alloy  showed  a severe  drop  of  85  percent  in 
stress  rupture  life  after  coating  with  the  IC  coating  (special 
liigli-silicon  type)  and  exposing  for  500  hours.  The  average 
life  dropped  from  61  to  9 hours  when  tested  at  1650°F. 


Coated  Nickel-Base  Alloys— Exposed,  Stripped  and  Reooated 

All  coating  vendors  were  able  to  strip  the  coating,  cither 
partially  or  completely,  and  recoat  satisfactorily  with  the 
original  coating  system.  The  stripping  and  recoating  opera- 
tions on  the  nickcl-basc  alloys  after  the  5004iour  thermal 
exposure  did  not  appear  to  have  any  appreciable  added 
detrimental  effects  on  the  stress  rupture  lives  (Fig.  28). 
Some  coating-alloy  combinations  exhibited  an  increase  in 
the  stress  rupture  life  after  the  stripping  and  recoating 
(lN-100,  U-710.  MAR-M246).  and  others  showed  a de- 
crease in  the  stress  rupture  life  after  this  rccoating  opera- 
tion. No  real  trend,  however,  wasapparent  to  show  that  the 
one  additional  thermal  cycle  from  recoating  was  sig- 
nificantly harmful  to  the  alloys. 


Coated  Cobalt-Base  Alloys— Thermally  Exposed 

The  uncoated  WI-52  and  X-40  cobalt-base  alloys  ex- 
hibited a sligiitly  higlicr  stress  rupture  strength  than  litera- 
ture data  in  the  as-received  condition  at  the  I800°F  test 
temperature. 

The  cobalt-base  alloys  both  exhibited  a decrease  in  stress 
rupture  life  after  coating  and  exposing  in  air  for  500  hours 
at  2000°F  (Fig.  29).  When  stress-rupture  tested  at  1800°F, 
both  coatings  on  WI-52  alloy  decreased  the  time  to  rupture 
by  more  than  65  percent.  The  decrease  in  stress  rupture 
life  was  not  as  great,  however,  for  the  two  coatings  on  X40 
alloy;  average  lime  to  rupture  was  decreased  by  only  13 
percent. 
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Coated  Cobalt-Baae  Alloys-Exposed,  Stripped  and  Recoated 


went  catastrophic  attack  in  less  than  10  hours;  whereas  the 
shortest  life  time  to  initial  attack  of  the  medium-  and  high- 
chromium  alloys  (medium  Cr  IN-713C  and  U-700  and  high 
Cr  Rene’  41  and  U-710)  was  55  hours  for  IN-713C.  The 
hi^-chromium  alloy  withstood  at  least  1 50  test  hours  with- 
out significant  surface  attack. 

At  a Tmax  of  1800°F,  uncoated  alloy  perfoimance 
changed  slightly.  1N-713C  performed  similarly  to  the  low- 
chromium  alloys  wliich  all  failed  within  5 hours;  the  medium- 
chromium  U-700  performed  better  than  U-710,  although 
both  withstood  the  test  duration  of  150  hours.  U-700 
withstood  only  1 lOhoursoftestingat  1650°F.  The  hot  cor- 
rosion resistance  of  the  high-molybdenum  R41  alloy  was 
markedly  poorer  at  the  1 SOO^F  temperature,  failing  in  70 
hours  as  compared  to  150  hours  at  1650°F.  Ranking  of  all 
uncoated  alloys  is  stiown  in  Fig.  12.  Cobalt-base  alloys  are 
also  shown  in  this  figure,  and  uncoated  performance  is  poor 
at  the  two  test  temperatures,  ranking  these  alloys  with  the 
low-chromium,  nickel-base  alloys  at  the  1800°F  test  tem- 
perature. Attack  on  the  cobalt-base  alloy  tended,  however, 
to  be  more  general  and  less  catastrophic  than  with  the  nickel- 
base  alloys. 

Application  of  coatings  to  all  of  the  alloys  was  by  com- 
mercial organization,  and  all  coatings  evaluated  were  of  the 
diffusion  type,  that  is,  coatings  formed  by  the  deposition 
of  an  element,  primarily  aluminum,  that  required  interdif- 
fusion  with  the  substrate  to  form  the  coating.  Three  general 
typesand  one  special  type  of  coatings  could  be  distinguished 
on  nkkcl-base  alloys  by  microstructure,  electron  microprobe 
analyses,  and  X-ray  diffraction  (Table  II),  i.e.,Type  la,  lb 
and  2.  The  following  coatings  arc  in  these  various  types: 

Type  la:  Coatings  A and  I 

Type  I b:  Coatings  C and  J 

Type  2:  Coatings  F and  G 

Special:  Coating  K,  high  siicon 


The  two  cobalt-base  alloys  both  exhibited  an  additional 
small  decrease  in  the  rupture  life  at  1800°F  when  stripped 
and  recoated  after  prior  2000'F  exposure.  For  example, 
the  average  time  to  rupture  for  the  --xposed,  stripped  and  re- 
coated B and  C coatings  on  WI-52  alloy  was  about  1 9 hours 
compared  to  approximately  30  hours  average  life  for  the 
specimens  coated  and  exposed  only. 

DISCUSSION  AND  SUMMARY 
HOT  CORROSION 

In  this  program,  nickel-base  alloys  were  grouped  into 
low-chromium,  medium-chromium,  and  high-chromium 
alloys.  With  few  exceptions  the  test  results  on  uncoated 
alloys  indicated  that  the  higher  chromium  alloys  were  most 
resistant  to  the  high  velocity,  hot  corrosion  environment. 
At  1 650®F,  B 1 900,  SEI^  1 5,  IN-1 00  and  M AR-M246  under- 


Coatings  on  cobalt-base  alloys  appeared  to  be  of  Type  2. 
Coatings  arc  much  more  complex  than  can  be  accounted  for 
by  the  Table  II  classification.  For  example,  many  contain 
elemental  additives  that  perhaps  contribute  to  performance 
(Si  in  the  J coating,  oxide  in  the  G and  F coatings,  differing 
A1  contents  in  the  Type  I subgroups,  viz.,  30%  A1  in  A and 
20-24%  in  J).  The  types  noted  as  well  as  coating  thickness, 
however,  provide  a basis  for  discussion. 

Restricting  the  initial  discussion  to  low<hromium-nickel- 
base  alloys  and  IN-713C,  the  combination  of  a greater  thick- 
ness and  a Type  I a or  b coating  affords  the  most  consistent 
protection  to  the  large  number  of  alloys  tested.  For  pro- 
tection at  1 650°F  and  1 800°F,  the  coating  thickness  should 
be  at  least  0.003  inch.  Type  2 coatings  and  excessively 
diffused  Type  1 b coatings  (e.g.,  coating  C)  performed  gen- 
erally poorly  in  test,  exhibiting  only  20  to  60  hours  of  pro- 
tection compared  to  150  plus  hours  for  the  better  Type  la 
and  lb  coalings  near  0.003  inch  in  thickness.  Direct  com- 
parison between  Type  1 and  Type  2 coatings  is  not  possible 
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because  the  Type  2 coatings  formed  from  low-chrontium 
activity  sources  cannot  or  are  not  deposited  to  the  0.003- 
inch  thickness  of  the  satisfactorily  performing  Type  1 coat- 
ings. Thin  Type  1(a)  and  (b)  coatings  also  perform  poorly, 
e.g.,  coating  I. 

The  Type  2G  coating  which  contains  a liigh  percentage 
of  large  aluminum  oxide  particles  showed  inco*  sistcnt  per- 
formance on  various  alloy  systems.  The  G coating  on  IN- 
713C.  M AR-M240  { 1 650®F)  and  SEL- 1 5 and  IN  1 00(  1 800°F) 
afforded  protection  welt  above  other  coatings  at  a compar- 
able thickness.  The  inconsistency  of  performance  of  theG 
coating  is  one  of  its  prime  limitations  as  compared  to  the 
performance  of  the  Type  la  and  lb,  A and  J coatings. 

Oxide  additions  are  not  necessarily  associated  with  im- 
proved performance.  The  F coating  with  both  an  aluminum 
oxide  and  a high-titanium  oxide  addition  performed  con- 
sistently poorly  in  test  on  the  low-chromiuni  alloys. 

The  effectiveness  of  coatings  in  resisting  hot  corrosion  on 
the  high-chromium,  nickel-base  alloys  and  medium-chro- 
mium, U-700,  alloy  was  more  difficult  to  interpret  because 
the  substrate  performed  very  well  in  test  when  uncoated. 
The  higli-molybdenum  content  R4I  alloy  showed  the 
shortest  life  in  test- 120  hours  at  l800°F-but  this  was 
significantly  longer  than  the  uncoated  life-70  hours.  The 
combination  of  a substrate  with  good  hot  corrosion  resis- 
tance with  a coating  would  certainly  be  expected  to  provide 
the  must  consistent  resistance  to  hot  corrosion.  This  was 
generally  observed  in  the  test  results.  A significant  need  for 
the  coatings  on  high-chromium  alloys  was  not  established 
in  the  hot  corrosion  lesls.  The  data  did  show  Type  1 coat- 
ings to  be  generally  more  protective  than  Type  2 coatings 
and  higli  percentage  aluminum  coatings,  e.g..  A,  to  retain 
more  coating  after  ISO  hours  of  exposure  than  the  lower 
aluminum  content  J coating. 

As  an  overall  generalization,  the  Type  lb,J  coating,  which 
contains  up  to  1%  silicon,  and  the  Type  la,  A coating,  were 
the  most  protective  coatings  on  all  nickel-base  alloys.  The 
thin  Type  I and  2 coatings  (I,  F and  C)  generally  afforded 
relatively  poor  protection.  The  Type  2,  G coating,  with  high 
AI203  content  was  intermediate  in  performance  and, 
particularly,  afforded  good  protection  to  Inco  7I3C  alloy. 

The  high  silicon  coating  K,  applied  to  B 1 900  alloy  only, 
is  of  special  note.  This  coating,  containing  up  to  15% 
silicon,  essentially  provided  complete  protection  to  the 
substrate  for  the  150-hour  duration  of  the  test  at  1 650  and 
1 800'*F  when  continuous.  The  extren  hardness  and  brittle- 
ness of  the  coating  and  mismatch  in  ''ermal  expansion  re- 
sulted in  shear  fracture  within  the  cording  that  produced  an 
occasional  test  failure.  The  addition  of  silicon  in  thi  mating 
and  in  a lesser  percentage  in  the  J coating  appeared  to  en- 
hance the  effectiveness  of  the  alumiiiidr  'oating  in  resisting 
hot  corrosion. 

The  test  temperatures  for  coated  cobalt-base  alloys, 
WI-52  and  X-40,  were  18(X)  and  2000‘’F  for  up  to  150 
hours.  None  of  the  coatings  tested,  which  ail  appeared  quite 
similar  and  primarily  CoAi,  would  provide  more  than  80 


hours  of  protection  to  either  alloy  at  2000°F.  Generally  at 
the  20(X)'’F  test  level,  all  coated  X-40  specimens  out- 
performed coated  WI-52  specimens.  At  1 800°F,  the  C coat- 
ing oi.iy  appeared  to  be  capable  of  affording  protection  for 
more  than  1 50  hours  to  WI-52  with  the  H coating  a close 
second;  on  X-40  at  1 800°F,  the  A and  D coatings  (thickest 
and  thinnest  coatings,  respectively)  protected  the  alloy  for 
more  than  150  hours  with  theC  coating  affording  protection 
fur  up  to  1 50  hours.  Protection  afforded  by  all  coatings 
evaluated  (on  X40  and  WI-52  alloys)  at  I800°F  (A,  B,  C, 
D,  and  H)  afforded  protection  for  at  least  1 20  hours;  thus 
the  grouping  of  coating  performance  was  in  a very  narrow 
band.  No  effect  of  coating  thickness  could  be  noted. 

Comparing  the  performance  of  the  better  coatings  on 
nickel-base  alloys  with  coatings  on  cobalt-base  alloys  in 
hut  corrosion  indicates  better  general  performance  for  the 
coated  nickel-base  alloys  but  more  catastrophic  fadure 
wlien  the  coating  is  penetrated.  Coatings  were  generally 
thicker  and  more  ductile  on  nickel-base  alloys,  probably 
accounting  for  the  majority  of  improved  performances. 

By  visual  examination  of  specimens,  most  coated  nickel- 
or  cobalt-base  alloys  failed  in  localized  areas  rather  than  by 
uniform  conosion.  Some  of  this  effect  can  be  attributed  to 
temperature  variations  and  some  appear  related  to  the  pres- 
ence of  the  coating.  For  instance,  uncoated  U-700  alloy 
corroded  slowly  and  quite  uniformly  at  1650  and  1800”F. 
Virtually  no  hot  corrosion  was  noticeable  after  1 50  hours  at 
1 800°F.  Both  cobalt-base  alloys  appeared  to  corrode  rapidly 
but  relatively  uniformly  at  1800  and  2000'’F.  All  coatings 
tested  on  U-700  actually  reduced  the  capability  of  the  alloy 
to  withstand  the  test  conditions  at  IbOO^F.  Severe  localized 
failures  were  observed  after  as  few  as  30  hours  of  testing. 
Coatings  C and  F also  promoted  deep  pitting  of  U-700  when 
tested  at  1650°F.  Visual  evaluation  of  the  coated  cobalt- 
base  alloys  indicated  localized  areas  of  damage.  The  indica- 
tion that  some  coatings  promoted  corrosion  of  nickel-  or 
cobalt-base  alloys  is  quite  clear.  These  data  point  toward 
the  operation  of  an  electrochemical  mechanism  of  corrosion 
which  results  from  the  presence  of  two  or  more  dissimilar 
metals  in  electrical  contact  and  covered  with  a strong,  molten 
electrolyte. 

Early  work  by  von  Docring  (4)  measured  the  potential 
difference  between  a platinum  electrode  and  various  pure 
metals,  alloys  and  intermetallic  compounds  when  immersed 
in  Na2S04.  All  investigated  materials  were  anodic  (active) 
with  respect  to  platinum.  Following  is  the  approximate 
electrochemical  series  determined  for  various  materials  in 
1650'’F  Na2S04. 


Potential 

Material  (volts) 


Cr 

+0.31 

70Ni-30Cr 

+0,29 

80Ni-20Cr 

+0.29 

Iiko713C,  Ni3S2 

+0.01 

70 


Active 


Ni 

TiC 

90Ni-10Cr 

Co 

NisAl 

Ti 

Inco  713C  (after  20  hours  in  melt) 

NiAI 

Ni2Al3 


The  series  has  been  adjusted  relative  to  nickel  and  shows 
chromium  and  high-chromium  alloys  to  be  noble  with  re- 
spect to  nickel.  It  is  known  that  nickel  reduces  sulfate  ions 
to  yield  nickel  sulfides  (S)  and  it  is,  therefore,  probable  that 
the  above  activity  series  is  actually  relative  to  Ni3S2-  This 
is  supported  by  the  nearly  equal  potentials  observed  for  Ni 
andNi3S. 

Reference  to  the  above  potential  data  helps  to  explain 
both  the  initial  protection  afforded  a nickel-base  alloy  by 
NiAI  coatings  and  the  eventual  contribution  of  those  coat- 
ings to  very  rapid  substrate  corrosion.  Initially,  NiAI  was 
observed  to  be  anodic  and  presumably  protective  with 
respect  to  the  Inco  713C  alloy.  After  a period  of  exposure 
sufficient  to  (I)  partially  degrade  a NiAI  coating  to  Ni3Al, 
to  (2)  possibly  penetrate  the  coating  at  a defect  site,  and  to 
(3)  possibly  permit  chromium  depiction  of  the  substrate 
at  a coating  failure  site,  it  is  seen  that  the  substrate  (713C 
alloy)  may  become  anodic  with  respect  to  interfacial  car- 
bides (TiC)  and  the  Ni3AI.  As  sliown  by  Berkowitz  (6), 
exposure  in  molten  Na2S04  for  different  times  is  sufficient 
to  develop  slightly  different  surface  compositions  on  a 
Nichrome  alloy.  Potential  differences  could  then  be  mea- 
sured between  two  such  specimens  while  immersed  in  molten 
Na2S04.  A change  in  relative  potential  between  residual 
coating  and  substrate  plus  the  very  high  exchange  current 
densities  (i.e.,  amps/cm^)  possible  in  molten  salt  systems  at 
high  temperatures  are  just  the  conditions  necessary  to  pro- 
mote severe  pitting.  Such  conditions  apparently  arise  as  a 
result  of  (1)  coating  degradation  by  oxidation,  (2)  coating- 
substrate  interdiffusion,  and  (3)  physical  damage  which 
exposes  a fresh  metal  surface. 

In  other  related  work,  DeCrescentc  and  Bornstein  (7) 
have  shown  that  the  addition  of  oxides  such  as  Cr203, 
Sm203  and  SnO  to  molten  Na2S04  can  lower  the  oxide 
ion  concentration  in  the  melt.  Reaction  such  as 


2Cr203  + 3O2  4C1O3 

Cr03  +0"  -+  CrOa 

may  explain  this  observation.  Presumably,  this  lowers  the 
oxygen  activity  below  that  necessary  to  support  the  rapid 
oxidation  associated  with  hot  corrosion.  These  authors 
further  showed  that  oxides  could  be  used  to  inhibit  the 
hot  corrosion  of  laboratory  test  coupons.  Unpublisiied  work 


at  Solar  has  shown  that  addition  of  oxides  to  fuels  burned 
in  gas  turbine  simulators  does  in  fact  inliibit  hot  corrosion 
of  low-chromium  alloys.  The  most  effective  inhibitor  has 
beenCr203. 

Oxidation  of  the  nickel  alloys  with  low-  to  medium-chro- 
mium contents  tends  to  yield  NiO,  spinels  and  AI2O3.  The 
high  chromium-containing  nickel  alloys  generally  contain 
relatively  low  quantities  of  A1  and  yield  outer  layers  of 
Cr203  when  oxidized  (8).  These  alloys,  therefore,  generate 
an  oxidation  product  which  can  aid  in  lowering  the  oxygen 
activity  of  a thin  surface  salt  layer.  Such  action,  while  not 
indellnitely  sustainable,  could  inhibit  hot  corrosion  and 
may  partially  explain  why  higli-chromium  alloys  resist  hot 
corrosion. 


MECHANICAL  PROPERTIES 

The  results  obtained  on  mechanical  properties  (|pw-cyc!c 
fatigue  and  stress  rupture)  w'ere  quite  limited  and  were  per- 
formed on  two  coating  systems  per  alloy.  Exposure  after 
coating  was  for  500  hours  at  1 800°F  and  2000°F  for  nickel- 
and  cobalt-base  alloys,  respectively.  Stress  to  produce  failure 
in  10^  cycles  at  1400°F  was  determined  on  all  alloys  and 
stress  to  produce  rupture  in  100  hours  was  measured  at 
I6S0°F  on  nickel-base  alloys  and  I800°F  on  cobalt-base 
alloys. 

Based  on  equivalently  exposed  alloys  and  the  unaf- 
fected cross  section  after  coating  exposure,  alloys  vary 
considerably  in  their  tolerance  for  coatings  without  loss  in 
low-cycle  fatigue  performance.  Coating  type  also  influenced 
cycles  to  failure.  The  combination  of  the  J coating  (Type 
lb)  with  MAR-M246  and  B1900  alloys  exhibited  no  drop  in 
stress  to  10^  cycles  after  500  hours’  exposure.  Coatings 
such  as  A (Type  la)  which  interdiffuse  rapidly  with  the  sub- 
strate produced  major  losses  in  fatigue  strength.  The  higher 
chromium  alloys,  U-700,  R4I  and  U-710,  all  exhibit  major 
losses  in  low-cycle  fatigue  strength,  e.g.,  45  percent  on  R-4I 
and  32  percent  on  U-700.  Coalings  on  cobalt-base  alloys 
tended  to  influence  cycles  to  fatigue  fracture  less  than  the 
coatings  on  nickel-base  alloys.  Losses  all  appear  to  be  the 
result  of  loss  in  substrate  cross-sectional  area  rather  than 
any  contribution  of  coating  properties.  Stable  coating  sys- 
tems such  as  J,  developed  for  B1 900,  sliow  that  an  optimized 
system  can  minimize  degradation  by  low-cycle  fatigue  after 
exposure. 

The  data  obtained  in  this  program  indicate  that  several 
coating-alloy  combinations-BJ,CG,  UA,  RA  and  RG-have 
no  brittle  or  no  adverse  effect  on  tlie  1650°F,  100-hour 
rupture  strength  after  exposure  to  1800°F  for  500  hours. 
Other  coating  combinations  can  produce  an  80  percent  loss 
in  strength-DA  and  BK.  The  data  also  indicate  that  coating 
vendors  have  little  capability  to  strip  and  recoat  alloys  and 
retain  original  substrate  rupture  properties.  Losses  in  prop- 
erties s;e  significantly  greater  than  would  be  anticipated 
from  a strip  and  recoat  operation. 


Retention  of  stress  rupture  life  of  coated  cobalt  alloys 
sliowed  a marked  difference  in  alloy  systems.  The  coated 
Wl-52  alloy  lost  65  plus  percent  of  the  life  upon  coating 
and  c,vposure  to  2000°F  for  500  hours,  regardless  of  coat- 
ing. The  coated  X-40  alloy  showed  a maximum  of  20  per- 
cent loss  in  rupture  life.  Recoating  the  X-40  alloy  with  the 
D coating  did  not  result  in  additional  loss  in  rupture  life. 
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ABSTRACT 

The  rate  of  hot  corrosion  attack  in  aircraft  and  shipboard  gas  tur- 
bines is  influenced  by  specific  environmental  factors  which  vary  with 
different  engine  applications.  For  any  given  application,  the  corro- 
sion rate  also  wies  within  the  engine  from  stage  to  stage.  Conditions 
leading  to  salt  condensation  have  been  better  defined,  and  allow  a 
better  understanding  of  observations  which  show  more  condensa- 
tion than  one  would  expect  from  previously  published  work.  Also, 
the  presence  of  reducing  conditions-which  may  occur  locally  in  an 
engine-was  found  to  be  deleterious.  To  withstand  corrosive  attack, 
resistant  superalloys-particularly  Rene’  80  and  cobalt  alloys-pro- 
vide  inherent  protection,  while  coatings  extend  the  part  life.  The 
simple  and  inexpensive  Codep-B  coating  has  afforded  good  protec- 
tion in  aircraft  applications  and  on  some  stages  in  LM2S00  ship- 
board engines.  In  the  most  severe  LM2500  local  environment,  the 
General  Flectric  BC2I  coating  on  Rene’  80  greatly  extends  part  life. 
Further  improvements  are  foreseen  for  extremely  long  life  and  for 
lower  cost  processes.  An  example  that  characterizes  the  cor- 
rosion mode  in  a long-lived,  L.M2500  BC2l-coatcd  turbine  bucket 
is  cited. 


INTRODUCTION 

A full  understanding  of  hot  corrosion  in  marine  jet  en- 
gines and  shipboard  gas  turbines  is  elusive  because  of  the 
large  number  of  variables  entering  the  problem,  and  the 
difficulty  in  controlling  or  measuring  these  variables  in 
engine  experiments.  Yet,  the  motivation  for  pressing  ahead 
with  corrosion  studies  is  the  important  payoff  in  reliability 
and  TBO  (time  between  overhauls)  afforded  by  protection 
schemes.  This  paper  seeks  to  present  some  current  views, 
work  in  progress,  and  directions  for  further  work  in  corrosion 
and  protection. 

Two  methodologies  have  been  used  by  investigators; 
(a)  laboratory  experiments  based  on  suspected  corrosion 
mechanisms  to  sec  what  reactions  can  possibly  take  place 
and  with  what  kinetics,  and  (b)  measurements  of  engine 
component  performance  in  given  environments  or  applica- 
tions, followed  by  bench  experiments  that  help  explain 
what  happened  in  the  engine.  The  latter  approach  with 
cognizance  of  the  former  is  considered  to  be  more  relevant 
and  useful.  This  work  leans  heavily  on  engine  observations 
anu  comparisons,  even  thougli  it  is  difficult  to  design  engine 
experiments  that  follow  the  many  variabler  with  rigor. 


The  strongest  influence  on  hot  corrosion  in  engines  is  the 
environment  in  the  immediate  neighborhood  of  a given 
part.  It  is  characterized  by  gas  chemistry,  temperature, 
velocity  and  pressure,  part  surface  temperature  and  chem- 
istry, and  perhaps  other  factors  such  as  particles  in  the  gas 
stream.  The  change  in  corrosion  behavior  from  point  to 
point  in  a given  engine  is  striking  because  of  environmental 
changes.  A turbine  bucket  in  a given  application  can  be 
severely  att'’cked,  while  the  adjacent  nozzle  of  the  same 
alloy  and  coating,  barely  two  inches  away,  will  show  no 
corrosion.  Also,  turbine  buckets  have  corroded  only  in 
spots,  remaining  virtually  untouched  in  other  areas  of  the 
same  airfoil  after  thousands  of  operating  hours.  The  notion 
that  all  components  in  an  engine  are  subject  uniformly  to 
the  effects  of  Na2S04 's  rot  accurate. 

There  arc  good  examples  of  the  locational  variations  in 
corrosion  severity.  Fi^,'  e 1 shows  uncorroded  stage-2 
higli-pressure  turbine  buckets  after  running  3600  hours  on  a 
shipboard  LM2S00  test  engine.  The  buckets  are  Rene’  80 
coated  with  General  Electric’s  Codep  aluminide  coating. 
The  stage-2  nozzle  vanes  of  a similar  alloy,  Rene’  77,  wini  a 
Codep  coating  also  appeared  free  of  corrosion.  Stage-1 
buckets  of  alum.h'idc  coated  Rene’  77,  however,  corroded 
in  shipboard  engines,  as  shown  in  Fig.  2.  On  the  basis  of 
evaluations  to  be  discussed,  the  stage-1  bucket  environ- 
ment was  found  to  be  more  severe  in  several  respects. 

Thus,  the  well  .known  and  available  aluminide  coatings 
suffice  on  many  components,  but  in  some  cases  something 
better  is  needed.  Figure  3 shows  the  stagc-1  and  stage-2 
buckets  of  another  shipboard  LM2500  test  engine.  No  cor- 
rosion is  apparent  after  2600  hours.  The  buckets  are  Rene’ 
80.  The  coatings  are  General  Electric’s  BC21  on  stage  1 and 
Codep  on  stage  2.  BC21  is  substantially  more  corrosion 
resistant  than  the  aluminidcs. 

Coated  alloys  used  in  different  engine  applications  some- 
times show  similar  corrosion  severity.  Thus,  an  aluminidc- 
coated  Rene’  80  stagc-2  bucket  in  an  LM2S00  engine  can 
look  very  similar  to  one  in  a J79  engine  with  similar  run- 
ningtime. The  environmental  severities  arc  probably  similar 
or  sufficiently  mild  v,  relation  to  the  protection  capability 
so  as  to  avoid  major  distress.  In  general,  most  aircraft  and 
shipboard  type  engine  components  using  a resistive  super- 
alloy and  the  aluminide  coatings  fall  in  this  category. 
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Figure  3.  Stage  1 • .lu  stage  2 buckets  on  LM2S00  rotor  uncorrodad 
after  2600  hours  cf  shipboard  exposure.  Coatings  are  the  General 
Electric  Company's  Codap  on  staga  2 and  BC21  on  stage  1. 


One  big  environmental  factor  in  a comparison  of  engine 
applications  is  the  salt  ingestion  level.  Newhart  (1)  lists  salt 
ingestion  measurements  in  engine  tests  and  around  naval 
vessels.  They  range  from  4 to  1000  ppb  (parts  per  billion). 
Some  engines  employ  demisters  that  lower  salt  ingestion 
level.  Also,  the  engines  condense  out  considerable  quantities 
of  salt  in  the  compressor.  It  is  not.  known  whether  the  com- 
pressor deposits  reach  a steady  state  thickness  with  time  or 
continue  to  collect  salt.  .Measurements  of  salt  entering  tlic 
turbine  are  lacking. 

A second  environmental  factor  important  in  a compari- 
son of  engines  is  powercycling.  Turbine  temperatures  which 
cycle  can  provide  part-time  conditions  favorable  for  Na2S04 
condensation  or  evaporation.  .Measurements  of  salt  deposits 
in  turbines  should  take  into  account  the  kind  of  operating 
condition  for  the  period  of  time  just  preceding  shutdown  and 
measurement. 

A third  environmental  factor  is  the  occasional  appear- 
ance of  sooty  surfaces.  Tliismay  be  related  to  power  cycling 
through  operational  regimes  conducive  to  the  generation  of 
reducing  conditions.  Figure  4 shows  carbon  deposits  in 
the  cool  root  and  platform  region  of  an  LM2500  stage-1 
bucket,  and  corrosion  in  areas  where  reducing  conditions 
may  exist  at  least  on  a temporal  basis.  The  effects  of  re- 
ducing environments  were  studied  in  the  laboratory  and 
will  be  discussed  below. 


DEPOSITION  OF  Na2$04 

The  major  source  of  sodium  in  a marine  environment  is 
sea  water  ingested  with  intake  air  or  present  in  contaminated 
fuel  tanks.  This  sodium  is  predominantly  present  as  chloride 
and  only  to  a minor  extent  exists  as  sulfate.  The  sulfate  ion 


Figurt  2.  Aluminkit  cotttd  Ran*'  77  buektt  after  1900  hours  of 
shipboard  exposure. 
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Figurt  4.  Carbon  doposits  tofnttinws  appaar  in  cool  local  araaa  as 
at  Iht  root  of  this  aluminida-eoatad.  Rant'  77,  turbina  buckat 
airfoil.  Thasa  may  indicata  raducing  conditions  in  tha  vicinity. 


in  sea  water  is  equivalent  to  about  1 2 percent  of  tlie  sodium. 
A mucli  liiglier  source  of  sulfur  is  tlie  fuel  wliicii  on  combus- 
tion yields  a mixture  of  S02and  SO3.  It  is  commonly  held 
that  a substantial  amount  of  sodium  sulfate,  Na2S04,  is 
formed  during  combustion  by  reaction  of  sodium  chloride 
and  the  SO2  and  SO3  derived  from  the  fuel.  DeCrescentc 
and  Bornstcin  (2)  have  presented  convincing  thermodynamics 
that  this  reaction  can  go  essentially  to  completion. 

One  reason  for  the  interest  in  this  reaction  is  the  great 
disparity  between  observations  (both  in  engines  and  in 
burner  rigs)  and  predictions  of  Na2.S04  deposition.  That  is, 
deposits  are  observed  under  temperature  and  salt  concen- 
tration conditions  considerably  removed  from  thresliold 
levels  based  on  available  vapor  pressure  data.  The  present 
authors  agree  with  Tschinkel  (3)  that  the  publislied  vapor 
pressure  data  are  probably  not  reliable.  Liander  and  Olsson 
(4)  made  measurements  only  above  2000°F  and  Kroger 
and  Stratmann  (5)  below  ISSO^F.  The  latter  used  a 
Knudsen  technique  and  the  results  arc  possibly  biased  by 
some  thermal  decomposition  which  will  take  place  in 
vacuum.  The  Liander  and  Olsson  data  may  suffer  by  a long 
extrapolation  into  the  temperature  range  of  interest  in 


high-pressure  turbines.  In  any  event,  the  vapor  pressure 
data  arc  much  higher  than  is  compatible  with  experience. 

To  help  remedy  this  discordant  situation,  the  vapor  pres- 
sure of  Na2S04  has  been  measured,  as  part  of  the  present 
study,  in  the  temperature  range  of  1 750°F  to  2200"F.  These 
measurements,  obtained  by  the  transpiration  method,  will 
be  reported  in  detail  elsewhere  (6).  Briefly,  the  new  results 
are  about  a factor  of  20  below  the  Liander  and  Olsson  re- 
sults at  2200‘’F  and  more  than  a factor  of  100  below  at 
I750“F. 

The  consequences  of  the  new  measurements  are  displayed 
in  Fig.  S in  terms  of  condensation  temperature  versus  ppm 
sea  salt  in  the  combustion  products  for  1 and  IS  atmospheres 
and  for  the  two  limiting  cases  of  none  and  of  complete 
conversion  of  NaCl  to  Na2.S04.  Each  curve  is  shown  as  a 
band  which  represents  a tentatively  assigned  ±20°F  un- 
certainty. Also  shown  in  Fig.  5 is  a curve  for  1 S atmos- 
pheres based  on  the  Liander  and  Olsson  data  and  assuming 
complete  conversion  of  NaCl.  For  all  curves  below  the  melt- 
ing point  of  Na2S04  (I620°F),  the  parent  Arrhenius  plot 
of  vapor  pressure  recognized  the  increase  in  slope  of  5.8 
kcal/mole,  the  heat  of  fusion. 

The  curves  based  on  the  new  vapor  pressure  measurements 
arc  strikingly  different  from  predictions  based  on  previously 
published  results.  Clearly,  these  new  curves  are  more  con- 
sistent with  a variety  of  engine  and  burner  rig  observations, 
some  examples  of  which  will  be  discussed  later. 

In  fact,  the  reasonableness  of  these  curves  even  for  the 
case  of  no  conversion  of  NaCl  to  Na2S04  (i.e.,  12  percent 
of  the  total  sodium  present  as  Na2S04)  revives  the  question 
whether  the  conversion  docs  actually  take  place  to  a sig- 
nificant degree  in  an  engine.  In  this  regard,  it  should  be 
pointed  out  that  the  conversion  reaction 

2NaCl  + SO3  + H2O  -»■  Na2S04  + 2HC1 

involves  a four-body  collision  which  is  certainly  a very  low 
efficiency  process  at  the  concentrations  involved,  particularly 
in  a dynamic  system  where  the  reaction  has  only  a few 
milliseconds  in  which  to  take  place.  Hedley  (7)  studied  the 
SO2/SO3  equilibrium  in  a similar  dynamic  system  and  found 
that  even  for  this  much  simpler  two-body  collision  case, 
only  1-2  percent  of  the  equilibrium  amount  of  SO3  was 
formed! 

The  “true”  condensation  behavior  may  well  lie  between 
the  two  extremes  of  total  and  of  no  conversion  of  NaCl  to 
Na2S04,  and  certainly  is  dependent  on  kinetic  factors 
related  to  design  and  operating  parameters  of  any  particular 
engine.  Certain  other  factors  should  also  be  pointed  out: 
The  salt  level  monitored  for  an  engine  represents  the  intake 
air  and/or  the  fuel.  In  principle,  salt  in  the  intake  air  may 
deposit  along  all  channels  within  the  engine  and  thus  the 
measured  level  may  not  relate  to  that  in  the  turbine  which 
is  the  region  of  greatest  interest  here.  It  is  a matter  of  rec- 
ord that  significant  amountsofNaCI  arc  frequently  found  in 
engine  compressors;  however,  information  is  not  available 
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at  present  whether  these  deposits  contain  Na2S04.  If  large 
fractions  of  NaCl  are  deposited  upstream  to  the  turbine, 
this  represents  an  additional  reason  why  the  no-conversion 
curves  in  Fig.  5 may  well  be  closer  to  the  truth. 

Althougli  there  are  these  limitations  to  the  application 
of  the  curves  in  Fig.  5,  the  salt  ingestion  level  shown  (Mili- 
tary Specification  MIL-F-I734IC(8|)  is  of  interest.  The 
listing  by  Newhart  (I),  however,  reports  much  higlier  levels 
of  salt  which  can  be  ingested  at  ship  deck  elevations.  Also, 
it  must  be  emphasized  that  salt  deposits  found  on  turbine 
parts  may,  in  some  instances,  represent  deposition  during  a 
final  low  power  cycle  or  slow  cooldown.  That  is,  correla- 
tion of  predictions  from  Fig.  5,  observed  deposition,  and 
corrosion  must  factor  in  as  much  information  as  possible 
about  operating  parameters. 

EFFECTS  OF  REDUCING  ENVIRONMENTS 

The  corrosion  dc.scribed  earlier  for  the  LM2500  stage-I 
buckets  is  sometimes  more  severe  than  miglit  be  expected 


for  coated  alloys  on  the  basis  of  their  general  performance 
in  burner  rig  tests.  It  was  suspected  that  the  carbon  deposits 
observed  in  some  instances  were  either  the  cause  of  the  en- 
hanced corrosion  rates  by  inducing  local  reducing  conditions 
on  the  component  surfaces,  or  the  indicator  of  a reducing 
condition  in  the  vicinity. 

Such  aggravated  Na2S04  attack  has  been  noted  quali- 
tatively for  a variety  of  alloys  under  laboratory  conditions 
(9-14)  and  has  also  been  reported  for  actual  turbines  by 
Morgan  and  Lamport  ( 1 5).  As  part  of  the  present  evaluation, 
studies  have  been  carried  out  to  determine  the  magnitude  of 
the  aggravated  attack  for  the  alloys  and  coatings  of  interest 
to  the  LM25(X).  These  have  been  either  crucible  tests  in 
which  a pin  specimen  has  been  partially  submerged  in  molten 
salt  (1650°F)  or  tests  in  which  specimens  were  dip  coated 
at  1650°F  and  then  exposed  at  I4(X)°F  or  1500®F  (solid 
state). 

Three  test  conditions  have  been  compared: 

1.  Na2S04  in  air  (oxidi/.ing) 

2.  Na2S04  in  argon  (intermediate) 

3.  Na2S04  plus  carbon  in  argon  (reducing). 
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Exposure  was  in  a slowly  moving  gaseous  atmosphere. 
Argon  was  used  as  tlie  environment  for  the  reducing  con- 
dition to  prevent  loss  of  carbon  as  COt.  Several  features  of 
the  liquid  state  tests  (1650‘‘F)  should  be  pointed  out: 

1 . Tlie  molten  salt  wet  the  s|)ccimen  surfaces  and  fonned 
a film  over  the  entire  nonsubmerged  portion.  The  salt  film 
thickness  was  in  the  range  1 to  3 mg/cni',  not  unlike  the 
thicknesses  observed  on  some  engine  components. 

2.  Descaled  specimens  after  test  showed  nominally  the 
same  degree  of  attack  for  the  submerged  portion  and  that 
above,  and  showed  no  differences  at  the  “water  line”  where 
excess  carbon  powder  was  concentrated. 

3.  Tlie  carbon  solubility  is  far  less  than  the  one  weight 
percent  used  in  the  typical  experiment.  This  has  inqxirtant 
implications  in  an  engine.  Only  very  small  amounts  of  car- 
bon, relative  to  deposited  Nai.SOq,  are  required  to  achieve 
saturation  (i.e.,  unit  thermodynamic  activity)  and  hence 
maximum  effect  on  the  rate  of  corrosion. 

For  these  reasons,  the  laboratory  studies  are  believed 
sufficiently  representative  of  engine  conditions  to  yield 
valid  information  about  the  general  magnitude  of  corrosion 
aggravation  caused  by  a reducing  environment. 

Typical  results  for  several  nickel-base  alloys  are  given  in 
Table  I.  Clearly,  there  is  a large  increase  in  the  rate  of  cor- 
rosive attack  in  the  absence  of  air  (argon  atmosphere) 
which  is  further  increased  if  carbon  is  also  present.  Similar 
increases  in  corrosion  rate  have  been  observed  for  aluminide- 
coated  Rene’  77.  In  one  instance,  1500°F  for  285  hours, 
the  nominal  2-mil  coating  was  essentially  intact  in  an  argon 
atmosphere  test,  but  about  half-penetrated  in  a matching  test 
with  carbon  present.  On  the  other  hand,  the  BC2 1 type  coat- 
ings survived  a variety  of  tests  with  carbon  present,  the 
advantage  over  aluminide  being  of  the  order  of  a factor  of 
6 (per  crucible  tests.) 

The  nature  of  the  influence  of  a reducing  environment, 
be  it  deletion  of  air  or  addition  of  carbon,  is  largely  an  in- 
crease in  sulfidation  rate;  i.e.,  a consequence  of  the  increased 
sulfur  activity  accompanying  the  decreased  oxygen  activity. 
Evidence  of  greatly  increased  sulfur  activity  was  obtained 
by  analyses  of  salt  slags.  In  argon-only  tests,  small  amounts 
of  Na2S  were  detected;  in  argon/carbon  tests  amounts  as 
high  as  1.8  mole  percent  were  observed,  in  accord  with  the 
known  ability  of  carbon  to  reduce  alkali  sulfates.  A secon- 
dary effect  of  Na2S,  a consequence  of  its  strong  alkalinity,  is 
that  it  can  function  as  a flux  for  acidic-type  oxides  such  as 
M2O3.* 


•In  addition,  evidence  for  Na20  fornialion  w.is  obtained  in  llic.se 
tests,  based  on  reactions  of  the  type 

N32.S04  + 9/2  Ni  Na^O  + 3NiO  + 1/2  Ni3S2 

This  compound  was  actually  measured  as  Na2C03  formed  cillicr 
during  air  tests  or  in  post-test  handling  of  the  slag  by  reaction  with 
CO2  in  the  air.  Similar  conversion  from  Na20  to  N32CO3  un- 
doubtedly takes  place  in  an  operating  engine  where  the  CO2  level 
is  considerably  higher  than  in  ambient  air. 


In  some  peripheral  experiments,  an  interesting  observa- 
tion was  made  in  the  lower  temperature  tests  where  the  salt 
is  solid.  If  carbon  powder  was  unifc  'inly  dispersed  in  the 
dip-coated  salt,  the  enhanced  attack  also  was  uniform,  if 
however,  the  carbon  was  in  the  fomi  of  a rod  strapped  to  the 
s|)ccimen,  the  enhanced  attack  was  localized  at  the  point  of 
contact.  This  is  of  importance  in  the  interpretation  of  en- 
gine performance.  If  operating  conditions  are  such  that 
carbon  and  Na2S04  deposit  simultaneously,  or  carbon  first, 
enhanced  corrosion  rates  may  be  expected  at  any  given 
temperature.  On  the  other  hand,  if  a coherent  film  of 
Na2304  deposits  first,  and  carbon  later,  the  enhancement 
caused  by  carbon  may  be  far  less  at  temperatures  where  the 
salt  is  solid  (melting  point  1620°F).  Above  the  melting 
point,  however,  there  is  sufficient  mobility  of  carbon  within 
the  salt  such  that  corrosion  rates  will  be  independent  of  the 
se(|ucnce  of  deposition. 

One  other  peripheral  experiment  should  be  mentioned  in 
which  carbon  powder  was  added  to  Na2S04  and  exposed 
with  a test  s[)ccime'  in  air  at  I650°F.  The  carbon  burned 
off  in  less  than  two  hours,  and  was  replenished  periodically. 
The  total  corrosion  (mils  penetration)  fur  Rene’ 80  and  U500 
specimens  was  at  least  a factor  of  10  greater  than  for  the 
corresponding  case  without  carbon.  This  demonstrates 
that  corrosion  rates  are  increased  by  local  reducing  condi- 
tions even  in  a nominally  oxidizing  environment.  It  must 
be  emphasized  that  in  an  engine,  chemical  equilibrium  in  the 
combustion  products  is  not  necessarily  attained.  As  noted 
above,  carbon  deposits  have  been  observed  on  components 
when  it  was  certain  that  excess  air  was  present  during  opera- 
tion. It  is  similarly  possible  that  combustion  equilibrium 
may  not  be  attained  even  if  particulate  carbon  is  absent. 
Carbon  monoxide  and  possibly  other  reducing  gases  may 
be  present  which  could  create  a reducing  condition  on  the 
metal  surface  analogous  to  the  argon  atmosphere  tests 
typified  in  Table  I.  WItether  chemical  reduction  actually 
occurs  depends  on  the  kinetics  of  reaction  between  the 
reducing  gases  and  corrodants  on  the  metal  surface  relative 
to  other  possible  reactions.  These  possibilities  can  be  col- 
lectively described  as  a series  of  “shades  of  gray”  in  which 
there  is  a continuous  range  of  oxidizing  -*■  reducing  condi- 
tions which  undoubtedly  involve  a complex  interaction  of 
combustion  temperature,  type  of  fuel,  air/fuel  ratio,  aero- 
dynamic and  design  differences.  Further  progress  in  under- 
standing will  involve  detailed  studies  of  combustion  chem- 
istry both  in  actual  engines  and  in  the  burner  rigs  used  to 
evaluate  materials. 


EFFECTS  OF  SUBSTRATE  ALLOY 

The  development  of  high  strength  superalloys  has,  in 
recent  years,  given  more  emphasis  to  improved  environ- 
mental resistance  as  part  of  the  overall  goal  to  be  achieved. 
This  has  been  difficult  in  view  of  the  need  to  reduce 
chromium  levels  fur  increased  strength.  Nevertheless,  the 


77 


Table  I 

Effect  of  Reducing  Environment  in  Na2SO^Hot  Corrosion 


Alloy 

Temperature  “F 

Hours 

Maximum  Affected  Depth,  mils 

— 

Air 

Argon 

Argon  + Carbon 

U500 

1400 

500 

0.4 

6.9 

Rene’  77 

1400 

500 

0.5 

7.8 

U500 

1500 

500 

2.4 

>5.4 

Rene’  77 

1500 

285 

1.0 

>7.0 

Rene’  80 

1500 

500 

2.2 

>f.7 

U500 

1650 

100 

0.7 

>20.0 

53. 

Rene’  77 

1650 

72 

32. 

66. 

Rene’  80 

1650 

100 

2.1 

>15. 

36. 

Inco  738 

1650 

100 

1.0 

19. 

See  Appendix  for  alloy  compositions. 


reliance  on  the  superalloy  itself  for  inherent  corrosion  pro- 
tection has  been  considered  necessary  because  coatings  can 
be  penetrated  by  FOD  (foreign  object  damage)  and,  after  a 
time,  by  the  environment  itself.  The  substrate  alloy  in 
combination  with  a coating  can  be  considered  as  having  a 
composite  behavior  in  a corrosive  environment,  with  the 
coating  serving  to  provide  extended  life. 

Extensive  corrosion  testing  on  four  high-strength,  nickel- 
base  alloys  was  conducted  in  environments  considered 
relevant  to  an  LM2S00  ^ipboard  application.  The  alloys 
were  Rene’  77,  Rene’  80,  U500  and  IN738.  Crucible  tests 
of  these  alloys  in  air  and  argon  were  described  above  and  the 
corrosion  penetrations  listed  in  Table  I.  Rene’  77  showed 
appreciably  more  corrosive  attack  than  the  other  alloys. 
The  corrosion  was  considerably  greater  in  the  reducing  en- 
vironment, which  had  a greater  relative  effect  on  the  more 
resistant  alloys. 

Tunnel  tests  (described  in  Ref.  16)  of  Rene’  77  and 
Rene’  80  conducted  at  1600°F,  using  5 ppm  sea  salt 
injected  with  the  air  and  JP5  referee  fuel,  confirmed  the 
ranking  of  the  crucible  tests.  Figure  6 shows  graphically 
the  data  points  for  the  period  of  time  each  alloy  was 
exposed. 

%ipboard  engine  tests  confirmed  the  difference  between 
Rene’ 77  and  Rene’ 80  with  coatings  applied.  LM2500  buck- 
ets of  each  alloy  were  coated  with  General  Electric’s 
BC21  coating  and  placed  in  the  same  engine.  Coatings  from 
0.001-0.0035  inch  acted  to  prevent  penetration  of  the  base 


metal  for  periods  of  time  depending  on  thickness.  The 
duration  and  severity  of  the  test  was  such  as  to  cause  pene- 
tration into  the  substrate  only  in  one  small  area  of  the  bucket, 
while  in  other  areas  the  coating  was  unattached.  The  un- 
attacked surface  provided  the  reference  for  the  original 
coating  thickness. 

Figure  7 shows  the  base  metal  penetration  for  this  3600- 
hour  test  as  a function  of  coating  thickness.  After  the  thin- 
nest coating  on  the  Rene’  80  buckets  was  penetrated,  the 
penetration  into  the  base  metal  was  such  as  to  reach  about 
a 10-mil  depth  in  the  test  time  remaining;  however,  the  Rene’ 
77  was  penetrated  20-30  mils  in  the  shorter  time  remaining 
after  penetration  of  a thicker  coating.  This  analysis  as- 
sumes a relationship  between  exposure  time  and  coating 
thickness  penetration  which  probably  exists.  Thus,  engine 
experience  has  confirmed  the  alloy  rankings  by  tunnel  tests, 
and  also  the  importance  of  having  good  resistance  in  the 
superalloy  under  a coating. 

A similar  difference  in  alloy  behavior  has  been  seen  in  a 
helicopter  engine.  The  TS8  ingests  large  and  variable  quan- 
tities of  salt  (and  particulates)  in  Navy  service.  In  a 146- 
hour  Navy  engine  test  with  about  250  ppb  sea  salt  ingestion 
using  JP5  referee  fuel,  an  aluminidc-coated  IN713  nozzle 
showed  some  corrosion  blistering  and  attack  to  the  base 
metal.  A cobalt-base  X40  vane  included  in  the  test  was 
not  corroded.  Aluminide-coated  buckets  of  SEL  and  Rene’ 
80  alloys  were  compared,  and  the  latter  was  found  slightly 
more  resistant.  The  behavior  corroborated  separate 
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5 ppm  SEA  SALT.  16C0°F 


MAXIMUM 

PENETRATION. 

MILS 


Figure  6.  Flame  T unnel  Data. 


laboratory  luiincl-raiiking  tests  of  the  alloys  and  aluininidc- 
coatcd  alloys. 


PROf  ECTION  FROM  COATINGS 

l:,\lcndcd  life  is  available  through  coatings.  The  most 
common  type  is  the  sitnple  aluminidc  coating  formed  by 
diffusion  of  alumitium,  or  aluminum  plus  other  minor  addb 
tions,  with  the  substrate  supcralloy.  Its  corrosion  features 
are,  in  part,  determined  by  substrate  chemisi-y,  and  its 
structure  generally  consists  of  a |?-NiAI  or|?-CoAI  as  an  addi- 
tive layer  over  a diffusion  zone.  The  (?-NiAI  seldom  shows 
thi  presence  of  sulfides  but  prolonged  oxidation  depletes 
the  Al  level,  forming  patches  of  Ni3AI  which  arc  rapidly 
corroded.  Thus,  life  extension  depends  on  the  concentration 
of  Al  in  the  original  coating,  the  rate  at  which  it  is  lost  to 
the  scale,  aiid  the  removal  rate  of  the  scale. 


Figur*  7.  Comparison  of  BC21  on  Rene'  77  and  Rene'  80  in  long- 
time corrosion  penetration  test. 
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Hie  addition  of  AI2O3  particles  in  General  Electric’s 
Codep  (aluniiii  .de)  coating  (Fig.  8)  has  been  found  to  delay 
the  onset  of  corrosion  in  certain  cases  relative  to  the  Codep 
coating  without  AI2O3  particles.  Its  effect  with  Rene’  80 
is  quite  pronounced  in  a 1700®F,  5-ppni-salt  tunnel  test. 
Tlie  average  time  to  the  first  sign  of  corrosive  attack  was 
extended  from  265  hours  to  385  hours  in  this  test.  There 
are  several  theories  of  why  the  alumina  particles  are  bene- 
ficial, but  the  proofs  have  been  evasive.  They  probably  act 
to  cause  better  retention  of  surface  oxide  films.  Codep 
coatings  containing  the  AI2O3  particles  have  shown  excel- 
lent performance  in  figiiter  aircraft  and  helicopter  engines. 

In  LM2500  shipboard  engine  tests,  Codep-coated  X40 
and  Rene’  77,  and  another  aluniinide  coating  on  Rene’  77 
showed  variable  results  depending  on  environmental  severity. 
Tlie  aluniinide  performed  well  on  the  stage-1  X40  vanes, 
although  the  metal  temperature  is  moderately  high.  The 
part  is  upstream  in  the  turbine  gas  and  has  the  best  location 
for  condensing  out  quantities  of  salt.  Because  of  power 
cycling,  the  quantities  of  salt  condensed  during  cruise  are 
not  known,  but,  in  any  case,  the  good  perfonnance  is  not 
surprising  in  view  of  the  greater  resistance  of  the  higher  Cr- 
containing  cobalt  alloy  with  the  aluniinide.  Coated  Rene’ 
77  used  in  the  stage-2  vane  was  also  protected.  It  showed 
little  corrosion  in  tests  at  3600  hours. 

The  corrosive  attack  on  the  Rene’  77  stage- 1 bucket  was 
severe  when  coated  with  aluniinide  (Figs.  2 and  4).  The 
environmental  factois  that  produced  this  condition  will  be 
discussed  below;  however,  the  coating  penetration  was  in- 
fluenced by  the  type  of  fuel  used.  Coating  penetration 
( 1 .7-mil  coating)  with  marine  diesel  fuel  was  estimated  at  900 
hours  and  with  Navy  distillate  fuel,  400  hours. 

To  accommodate  the  more  severe  environmental  attack 
at  the  stage- 1 turbine  buckets,  Rene’  80  was  introduced  in 
place  of  Rene’  77,  and  the  General  Electric  BC21  coating 
was  developed.  Aside  from  being  resistant  to  Na2'S04  with 
either  fuel,  the  coating  has  a very  close  thermal  expansion 
match  to  Rene’  80.  In  engine  tests  aboard  ship,  the  BC2I- 
coated  Rene’  80  buckets  resist  attack  and  penetration  for 
thousands  of  hours. 

An  interesting  feature  of  the  BC2l<oated  buckets  was 
tl.c  mode  of  attack  when  it  occurred.  In  severe  environ- 
ments, attack  with  less  resistant  coatings  festered  so  grossly 


Figurt  8.  Struetur*  of  • Codap  coating  with  AI2O3  partklas 
ambaddad  (SOOXi. 


that  it  was  difficult  to  see  patterns  and  differences  which 
could  be  interpreted  from  a mechanistic  viewpoint.  With 
the  more  resistant  BC21  coating,  it  took  much  longer  for 
changes  to  develop,  and  in  the  time  of  a given  engine  test 
program,  only  spotty  areas  showed  corrosive  attack  at  all. 
These  areas  could  be  studied  with  greater  definition. 

The  corrosion  pattern  was  interesting  from  two  points  of 
view:  the  differences  in  envrionment  from  area  to  area  of 
the  airfoil,  and  the  mechanism  of  coating  degradation.  Fig- 
ure 9 shows  the  appearance  of  an  early  BC2 1 -coated  Rene’ 
77  bucket  exposed  long  enougli  in  a severe  test  to  corrode 
the  base  metal.  Also  shown  diagrammatically  are  the  varia- 
tions in  the  gas  stream.  The  corroded  area  on  the  concave 
face  corresponds  to  a cool  region  of  metal  temperature  re- 
sulting from  the  configuration  of  internal,  labyrinthal  cool- 
ing chambers.  The  corresponding  area  on  the  convex  face 
has  a similar  cold  spot,  but  no  corrosion  appears.  The 
gas  stream  undergoes  a 4-atniosphere  drop  in  pressure  from 
concave  to  convex  side  of  the  bucket  and  there  are  gas 
temperature  variations  as  indicated. 

Prior  to  dissection,  the  surfaces  were  analyzed  for  water- 
soluble  compounds.  The  concave  face  had  4-10  times  the 
SO4  ion  concentration  than  the  convex  face.  The  lower 
half  of  the  concave  face  had  twice  the  SO4  concentration 
as  the  upper  half,  while  the  leading  edge  half  and  trailing 
edge  half  showed  about  equal  concentrations.  Also,  the 
area  of  the  corroded  cold  spot  showed  about  the  same  con- 
centration as  the  concave  area  surrounding  the  cold  spot. 
Borescopc  pictures  taken  throughout  the  test  period  showed 
that  the  oval  spot  near  the  trailing  edge  and  airfoil  tip 
developed  first. 

Figure  10  shows  the  degree  of  corrosive  attack  around  the 
airfoil  in  terms  of  an  arbitrary  rating  index.  In  the  worst 
areas  the  base  metal  has  been  penetrated.  In  the  best 
areas,  it  is  difficult  to  sec  that  the  coating  has  changed  as  a 
result  of  exposure.  The  tlrickness  appears  to  have  been  un- 
diminished. Tlie  coating  surrounding  the  penetrated  regions 
was  particularly  intcresti'ig  because  the  microstructure  in- 
dicated something  of  the  corrosion  mechanism. 

The  BC21  coating  has  two  phases,  an  Al-rich,  Cr-lean 
insular  phase  in  an  Al-lean,  Cr-rich  matrix  phase.  The  low 
solubility  of  Cr  in  the  Insular  phase  has  forced  the  Cr  to  an 
unusually  high  level  in  the  matrix.  Before  corrosion  occurs 
in  a given  region,  the  insular  phase  disappears  and  the  Cr 
level  of  the  remaining  single-phase  region  drops.  It  appears 
as  though  the  degradation  r .echanism  involves  a depletion 
of  A1  to  a surface  oxide  until  the  Al-rich  phase  is  dissipated 
and  disappears.  This  dilutes  the  Cr  level  in  the  matrix;  how- 
ever, with  full  dilution  to  the  nominal  Cr  level,  the  coating 
still  appears  to  resist  corrosion. 

The  process  described  was  studieH  by  exposing  coated 
Rene’  77  and  Rene’  80  pins,  and  also  >dst  coating  alloy  pins 
in  N32S04  crucible  tests  at  1650°F.  The  dissipation  of  the 
insular  phase  was  reproduced  (Figs.  I la  and  lib).  The 
roles  of  Al  and  Cr  were  partially  clarified  by  observations  of 
Al  and  Cr  oxides,  and  Cr  and  other  sulfides  in  the  corroded 
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Figure  9. 


surface  regions.  As  shown,  the  reducing  environment  pro- 
duced substantially  greater  corrosion. 

TECHNICAL  DISCUSSION 

The  occurrence  and  distribution  of  liot  corrosion  within 
an  engine  dep.nd  on  a variety  of  factors  wiiich  influence 
kinetics.  These  include: 

Temperatures,  metal  and  gas 

Gas  pressure 

Oxygen  partial  pressure;  fuel  combustion  efficiency 

Type  of  fuel 

Quantity  of  condensed  Na2S04 

Residence  time  of  deposited  salt  on  metal  surface. 

All  of  these  have  been  considered  in  the  preceding  text; 
however,  in  attempting  to  apply  combinations  of  these 
variables  to  the  explanation  of  any  specific  instance  of 
materials  performance,certain  limitations  should  be  pointed 
out. 

Fuel  combustion  efficiency:  Only  limited  information  is 
available  concerning  the  chemical  composition  of  combustion 


jducts.  This  clearly  is  a function  of  engine  design, 
fucl/air  ratio,  type  of  fue'  and  power  setting.  The  only  cer- 
tain observation  is  that  the  presence  of  particulate  carbon 
deposited  on  metal  surfaces  indicates  or  can  cause  a reducing 
condition  which  is  deleterious  if  salts  have  also  deposited; 
however,  the  absence  of  carbon  deposits  should  not  be 
construed  as  evidence  for  oxidizing  conditions  on  a local 
scale. 

Deposition  of  Na2S04'.  The  uncertainties  in  using  pre- 
dicted condensation  conditions  have  been  reviewed  above. 
Nevertheless  the  new  data  presented  herein  fulfill  three 
useful  functions: 

1.  They  remove,  to  a large  extent,  the  disagreement  be- 
tween engine  experience  and  prior  predictions. 

2.  In  a marine  environment,  hot  corrosion  must  be  ac- 
cepted as  an  inevitable  possibility,  to  be  minimized  by 
dcsipi  and/or  materials/coatings  improvements.  Thus,  the 
new  data  provide  useful  input  for  tradeoff  studies  between 
design  and  materials  applications. 

3.  They  permit  plausible  explanations  for  a variety  of 
specific  examples  of  materials  performance  in  a marine 
environment. 

The  first-stage,  higli-pressure  turbine  blades  in  the 
LM2S00  engine  provide  an  interesting  example.  Although 
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the  actual  average  salt  ingestion  level  in  the  sliipboard  tests 
is  not  available,  the  condensation  requireinents  shown  in 
Fig.  5 arc  consistent  with  the  observation  that  the  central 
portion  of  the  airfoil  concave  surface  may,  at  steady-state 
operating  conditions,  i."w  NaiS04  deposition.  On  the 
other  hand,  regions  nearer  the  edges  arc  at  higlier  tempera- 
ture, and  the  convex  surface  sees  a lower  gas  pressure. 
Hence,  deposition  may  not  occur  in  those  areas  at  steady 
state  and  this  is  consistent  with  observations  of  no  corrosion 
in  these  areas.  It  is  postulated  that  salt  measured  in  these 
regions  deposited  priniaiily  during  a final  idling  and  shut- 
down cycle.  Stated  another  way,  interpretation  of  corro 
Sion  behavior  requires  not  only  information  oi  i\\c  amount 
of  deposited  salt,  but  its  I'csidcncc  time  on  a given  surface. 


10.  Dagrws  of  corrosive  attack  after  lon«-time  engine 
operation-BC21  coating  on  Rene'  77. 


Further,  a steady-state  film  thickness  probably  forms  when 
deposition  occur  at  cruise  conditions,  with  loss  rates  by 
evaporation  balancing  the  continuing  input. 

First-stage  vanes  in  the  LM2500  generally  show  at  least 
as  much  deposited  salt  (but  little  corrosion)  in  spite  of 
temperatures  somewhat  higher  than  the  first-stage  blades. 
Since  they  are  a bit  upstream,  this  may  be  the  result  of  higher 
pressure,  higher  salt  concentration,  or  alternatively  may  be 
a consequence  of  slow  cooling  through  the  idle  and  shut- 
down procedure.  Second-stage  blades,  on  the  other  hand, 
generaUy  show  little  or  no  salt  deposits.  These  components 
are  slightly  do  wnstream  and  thus  are  at  a lower  pressure,  and 
are  exposed  to  less  salt  by  the  amounts  deposited  under 
cruise  c nd  =ons  on  upstream  components.  This  latter 
cior,  howev'-,  is  invalid  if  the  notion  of  steady-state  salt- 
film  thickressis  correct. 

An  alternate  view  of  the  LM2500  first-stage  blade  cor- 
rosion patterr.  derives  from  Fig.  9b,  where  the  corrosion 
pattern  is  related  to  gas  and  metal  conditions  on  an  airfoil 
area  basis.  Information  has  appeared  in  the  literature  (17) 
that  if  internally  cooled  metal  components  are  subjected  to 
a corrosive  environment,  the  rate  is  not  that  corresponding 
to  the  metal  temperature,  but  more  nearly  corresponds  to 
the  temperature  of  the  gaseous  environment.  An  analysis 
was  made  of  the  LM2500,stage-l  bucket  by  mapping  both 
gas  temperatures  and  metal  temperatures  over  the  airfoil 
surface.  The  closest  fit  to  the  corrosion  pattern  was  the 
gas-metal  temperature  difference,  a AT  effect.  The  areas 
where  the  gas  temperature  was  hi^  and  the  metal  tempera- 
ture was  low  were  corroded  most. 
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Figure  11.  Cast  coding  alloys  expoMd  in  cruciola  corrosion  last. 


A dioicc  cannot  be  made  between  these  two  alternative 
interpretations  at  this  time.  In  any  event,  the  situation  can 
and  has  been  alleviated  with  improved  materials. 

The  performance  of  BC21 -coated  Rene’  80  in  this  tough 
environment  relates  in  part  to  the  reservoirs  of  A1  and  Cr 
in  the  coating  that  participate  in  the  protective  mechanism. 
The  rates  by  which  the  coating  oxides  are  removed  and  the 
Cr  depleted  by  S are  more  favorable  than  for  ntost  other 
coatings  examined.  At  low  temperatures,  say  1 200°F  and 
below,  it  is  estimated  that  reaction  rates  will  become  suffi- 
ciently low  so  that  corrosion  there  will  be  inconsequential. 
At  high  'r  temperatures,  Fig.  S indicates  that  a temperature 
will  be  reached  above  which  the  Na2S04  would  not  con- 
dense or  would  evaporate.  It  is  only  in  a narrow  band  of 
operating  conditions  that  the  corrosion  rates  arc  significant, 
and  the  BC2I  coating  is  adequately  protective  in  this  range. 

Good  performance  is  also  attributed,  in  part,  to  the  close 
match  in  thermal  expansion  coefficient  between  BC21  and 
Rene’ 80.  Cyclic  thermal  strains  across  the  substrate-coating 
interface  become  minimized  and  are  considered  to  reduce 
coating  crack  tendencies,  particularly  in  cycling  to  tempera- 
tures below  1200°F  where  the  coating  has  little  ductility. 

In  applications  less  severe  because  of  lower  salt  ingestion, 
or  because  operation  is  mainly  above  the  appropriate  con- 
densation curve  of  Fig.  S,  or  because  operation  is  mainly 
below  temperatures  at  which  corrosion  reaction  rates  arc 
significant,  the  aluminide  coatings  provide  fully  adequate 
protection.  These  conditions  exist  in  most  components, 
even  in  the  shipboard  engines  like  the  LM2500,  and  also  in 
aircraft  enpnes. 

DIRECTIONS  FOR  FURTHER  WORK 

Before  identifying  the  need  new  or  continued  tech- 
nical programs,  the  following  is  a summary'  of  the  current 
status  of  coatings.  It  is  presented  in  terms  of  families  of 
coatings  and  alloys,  althougli  others  of  the  same  generic 
class  of  materials  should  fit  the  pattern  too. 


Tabic  II 

Current  Status  of  Coating  Types 


Status 

Codcp 

— 

BC21 

Proteclion-mild  or  moderate 
environment 

Good 

Good 

Protection-severe  environment 

Limited 

Good 

Cost 

Low 

Medium 

Widespread  production  capability 

Yes 

No 

Investment  for  overhaul  shops 

Modest 

High 

With  this  chart  in  mind,  the  following  are  indicated  as 
directions  for  further  technical  effort: 

1.  A coating  significantly  superior  to  BC21  for  future 
sliipboard appIicationsdcmandinglongerTBO.  Applications 
with  TBO  exceeding  15,000  hours  represents  a next  target. 
With  severe  environments  anticipated  for  some  components 
and  with  distillate  fuels,  an  improved  coating  may  be  needed. 

2.  A lower  cost  and  more  efficient  process  than  that 
utilized  for  BC21  and/or  an  improved  coating. 

3.  Laboratory  studies  of  gas-metal  and  salt-scale-metal 
reactions.  These  studies  would  develop  the  understanding 
in  support  of  improved  coating  design. 

4.  Measurements  of  salt  ingested  into  turbines,  and  com- 
bustion reactions  in  turbines  in  a given  application  under 
power  cycling.  Salt  measurements  would  better  define  the 
environmental  regimes  that  could  be  plotted  in  Fig.  5 for 
assessment  of  when  condensation  will  occur  or  how  to  avoid 
it.  Tlic  combustion  reactions  would  relate  to  the  effects  of 
reducing  environments  on  hot  corrosion. 


CONCLUSIONS 

Corrosion  patterns  appearing  in  engines  can  be  explained 
on  the  basis  of  operating  conditions  and  local  component 
environments.  The  explanations  arc  aided  by  new  infonna- 
ticn  that  Na2SQt  condenses  at  higlicr  temperatures  and  lower 
concentrations  than  had  been  hitherto  recognized.  Reduc- 
ing conditi  ns  in  engines  arc  identified  by  the  occasional 
appearance  of  carbon  deposits,  but  better  measurements  are 
needed  to  define  the  effects  precisely. 

Engines  show  varying  levels  of  corrosive  a.  ack.  For 
mild  conditions  aluminide  coatings,  such  as  Codcp,  afford 
suitable  protection  and  component  life  in  aircraft  and  sliip- 
board  engines.  For  severe  conditions,  the  BC21-coated 
Rene’  80  combination  resists  attack  for  the  thousands  of 
hours  required  of  naval  vessel  TBO.  With  increased  TBO 
and  performance  anticipated  for  future  applications,  a coat- 
ing with  greater  resistance  than  BC2I  is  desired. 
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Appendix 

CHEMICAL  COMPOSITIONS  OF  SUBSTRATE  ALLOYS 
(Minor  elements  excluded) 


Blcnient 

Rene’  77 
w/o 

Rene’  80 
w/o 

IN738 

w/o 

U500 

w/o 

X40 

w/o 

Co 

15.0 

9.5 

8.5 

18.5 

Bal. 

Cr 

14.6 

14.0 

16.0 

18.5 

25.0 

A1 

4..3 

3.0 

3.4 

3.0 

- 

Ti 

3.35 

5.0 

3.4 

3.0 

- 

Mo 

4.2 

4.0 

1.75 

4.0 

- 

W 

- 

4.0 

2.6 

7.5 

Ta 

- 

1.75 

- 

- 

Ni 

Bal. 

Bal. 

Bal. 

Bal. 

10.5 

Fc 

- 

- 

- 

2.0 

2.0 
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Materials  and  Coatings 

for  Gas  Turbine  Hot-Section  Components 


G.  W.  Goward 

Pratt  and  Whitney  Aircraft 

East  Hartford,  Connecticut 


INTRODUCTION 

Reasons  for  the  occurrence  of  hot  corrosion  degradation 
of  gas  turbine  hardware  under  marine  operating  conditions 
have  been  covered  in  detail  in  other  presentations  at  this 
conference.  Brieily,  then,  hot  corrosion  is  caused  by  the 
fluxing  of  normally  protective  oxide  scales  by  molten  salts', 
principally  sodium  sulfate,  of  either  high  or  low  oxide  ion 
activity  as  exemplifled  in  Fig.  1 for  aluminum  oxide.  As 
origmally  proposed  by  Bomstein  and  DeCrescente  (1 ) oxides 
such  as  aluminum  oxide  can  dissolve  in  sodium  sulfate  of 
sufficiency  high  oxide  ion  activity.  The  underlying  metal 
then  undergoes  accelerated  oxidation  because  of  either 
thinning  or  complete  absence  of  a protective  oxide  (2).  It 
is  further  proposed  (1-3)  that  the  oxide  ion  activity  is  in- 
creased because  of  removal  of  sulfur  from  the  sodium  sulfate 
to  form  sulfides  in  the  surface  of  the  underlying  metal. 
Formation  of  sulfides  requires  a low  oxygen  activity  which 
is  the  condition  at  the  oxide-metal  interface;  the  process 
therefore  requires  transport  of  sulfur  through  the  oxide 
scale. 

Pettit,  Goebel  and  Goward  (3)  and  others  propose  that 
some  normally  protective  oxides  can  also  be  fluxed  or  dis- 
solved by  molten  media  having  sufficiently  low  oxide  ion 
activity  or  in  equivalent  terminology,  higli  acidity.  Oxides 
of  elenKnts  such  as  molybdenum,  tungsten  and  vanadium, 
which  are  strong  oxide  ion  acceptors,  or  strongly  acidic 
oxides,  constitute  the  origins  of  this  high  acidity.  These 
elements,  particularly  molybdenum  and  tungsten,  are 
normal  constituents  of  superalloys  used  in  gas  turbines 
and  vanadium  is  a natural  contaminant  in  several  types 
of  fuels. 

Chromium,  either  in  the  base  material  or  externally  ap- 
plied, inhibits  what  has  now  been  defined  as  basic  hot  cor- 
rosion. As  suggested  by  Bomstein  and  DeCrescente  (1)  this 
seems  to  be  because  it  is  an  acceptor  of  oxide  ions  and  thus 
reduces  the  basicity  of  high  oxide  ion  containing  melts. 
MIfliether  or  not  chromium  inhibits  so  caOed  acidic  hot  cor- 
rosion is  still  open  to  question.  The  reported  moderately 
good  resistance  to  Na2S04-V205  attack  of  nickel  base  alloys 
with  hi^  chromium  contents  suggests  that  chromium  may 
also  inhibit  this  type  of  corrosion  to  some  extent. 


BASE  METALS  AND  THEIR  PROBLEMS 

Early  nickel  base  supcralloys  such  as  Nimonic  80A  and 
Waspalloy  contained  substantial  amounts  of  chromium  and 
therefore  derived  oxidation  resistance  by  the  fonnation  of 
chromium-rich  protective  oxides.  These  high  chromium  con- 
tents also  conferred  a reasonable  degree  of  hot  corrosion 
resistance,  at  least  of  the  basic  fluxing  type,  upon  these 
alloys.  However,  as  illustrated  in  Fig.  2,  strength  increases 
required  for  modern  aircraft  gas  turbines  caused  decreases  in 
chromium  contents  and  increases  in  the  contents  of  alumi- 
num and  acidic  oxide  fomtingelements  such  as  molybdenum 
and  tungsten.  Only  recently,  in  the  face  of  increasingly 
severe  hot  corrosion  problems  has  this  trend  been  reversed 
with  the  development  of  more  hot  corrosion  resistant  alloys 
such  as  INCO  738  and  792.  In  general,  cobalt-base  alloys, 
usually  used  for  turbine  vanes,  have  retained  the  high  chro- 
mium content  and  correspondingly  higli  resistance  to  hot 
corrosion,  although  information  presented  later  in  this  paper 
will  suggest  that,  at  least  for  basic  fluxing  hot  corrosion,  the 
resistance  of  these  alloys  may  originate  in  flic  cobalt  base  as 
well  as  in  the  higli  chromium  content. 


PROTECTION  WITH  COATINGS 

While  coatings  would  be  required  to  extend  the  life  of 
superalloy  airfoils  from  simple  oxidation  processes  at  the 
operating  temperatures  of  modern  naval  aircraft,  the  re- 
quirement is  much  more  compelling  in  the  face  of  the  pos- 
sible extent  of  hot  corrosion  degradation  of  airfoils  operat- 
ing in  an  environment  contaminated  with  sea  salt  and/or 
other  contaminants  such  as  vanadium  and  lead.  For  these 
reasons  Pratt  and  Whitney  Aircraft  first  used  coatings  for 
the  protection  of  WI52  first  stage  vanes  from  oxidation 
attack,  and  then  in  sequence  on  Udimet  700  and  B-1900 
first  stage  blades.  Higher  operating  temperatures 
in  commercial  and  military  engines  and  the  extra 
severity  of  salt  and  fuel  contaminant  corrosion 
provided  the  impetus  for  the  development  of 
the  CoCrAlY  series  of  coatings  first  put  in  service  in 
1970. 
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Figuie  1.  Illustration  of  fluxing  or  dissolution  of  AI203  by  basic 
(high  oxida  ion  concentration)  and  acidic  (low  oxide  ion  conceiv 
tration)  Ns2S04.  Region  of  stability  of  AI2O3  in  "neutral"  Na2$04 
is  also  indicated. 


THE  NATURE  AND  PERFORMANCE  OF 
DIFFUSION  COATINGS 

The  first  praetical  coating  for  nickel  and  cobalt-base 
superalloys  were  based  on  the  internictallic  compounds 
NiAl  and  CoAI.  respectively,  produced  by  elevated  tempera- 
ture dilTusional  interaction  of  aluminum  with  the  sub- 
strate alloys. 

The  large  number  of  patents  issued  on  this  type  of  coat- 
ing and  the  number  of  proprietary  coatings  marketed  and 
used,  particularly  on  nickel-base  alloys,  suggests  a large 
number  of  variations  on  this  theme.  It  has  been  proposed, 
however,  by  Coward  ct  al  (4,5)  that  there  are  only  two  basic 
types  of  the  so-called  diffusion  ahiminide  coatings  possible 
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Figure  2.  Hittoricel  progrettion  of  nickel  baic  blade  alloy  composi- 
tions. The  trend  toward  decreasing  hot  corrosion  resistance  is 
reversed  with  INCO  738. 


on  at  least  nickel  and  probably  also  on  cobalt-base  alloys. 
Tlicse  archetypes  are  shown  in  Fig.  3 and  arc  designated  as 
inward  diffusion  and  outward  diffusion  types.  As  explained 
elsewhere  (4,5)  the  two  basic  structures  are  produced  by 
the  virtually  unidirectional  motion  of  nickel  or  aluminum 
which  occurs  in  the  intcrmetallic  compounds  involved  in 
tJic  initial  fomiation  of  the  coatings.  Tliis  postulate  seems 
to  hold  true  regardless  of  the  type  of  processing  used  to 
synthesize  the  coating  and  whether  or  not  the  coatings  are 
modified  with  other  elements  such  as  chromium,  in  single 
step  or  two  step  processes. 

It  is  generally  agreed  that  these  coatings  derive  their  pro- 
teetivity  from  the  formation  of  protective  AJ2O3  scalcs(4,6) 
and  the  coatings  can  therefore  be  considered  to  be  aluminum 
reservoirs.  Degradation  of  these  coatings  involves,  in 
relatively  clean  environments,  loss  of  aluminum  througli 
repetitive  fomiation  and  thermal  cyclic  spalling  of  AI3O3 
and  subsequently  less  protective  oxides.  Wliile  these  coat- 
ings. typified  by  a slurry  aluminum-silicon  system  in  wide 
use  at  Pratt  and  Whitney  for  a decade,  also  provide 


I 1 

Figure  3.  Archetypicei  diffusion  aluminide  coatings  formad  by  outward  diffusion  of  nickel  (left)  and  inward  diffusion  of  aluminum  (right). 

(500X) 
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economically  useful  protection  from  hot  corrosion  in  con- 
tamii.ated  environments,  sodium  sulfate,  for  example  docs 
accelerate  degradation  of  the  coatings  and  substantially 
shortens  their  useful  lives.  The  mechanism  of  hot  corrosion 
degradation  is  presumed  to  be  similar  in  principle  to  that 
previously  described,  i.e.,  initiated  by  oxide  fluxing,  al- 
though mechanistic  studies  on  these  more  complex  systems 
are  still  to  be  performed. 

Insofar  as  effects  of  diffusion  coatings  on  superatloy 
mechanical  properties  arc  concerned,  the  situation  can  be 
briefly  summed  up  as  follows: 

1.  Properly  matched  to  the  alloy  heat  treatment,  dif- 
fusion coatings  cause  no  debit  in  creep  properties  other  than 
those  accountable  for  by  loss  in  load  bearing  area;  bene- 
ficial effects  of  coatings  on  creep  properties  have  been  ob- 
served as  shown  in  Fig.  4. 

2.  The  relatively  inflexible  brittle-ductile  transition 
temperature  of  these  coatings  governs  their  effect  on  therm- 
ally induced  fatigue-if  blade  design  allows  thermal  strains 
to  peak  above  the  transition  temperature  (Fig.  5)  coatings 
can  improve  thermal  fatigue  life;  if  the  opposite  occurs,  i.e. 
strain  peaking  in  the  brittle  region,  blade  life  can  be 
shortened. 

3.  Properly  designed  coatings  can  increase  high  frequency 
fatigue  strength  over  some  range  of  temperature  (Fig.  6) 
(7);  debits  in  HFF  strcngtii  when  encountered  are  usually 
tolerable. 


LIMITATIONS  OF  CLASSICAL  DIFFUSION  COATINGS 

Under  severe  hot  corrosion  conditions,  for  example  for 
aircraft  engines  operating  in  a marine  environment  or  for 
engines  adapted  to  ship  propulsion,  the  hot  corrosion  lives 


of  these  coatings  are  frequently  unacceptably  short.  Al- 
thougli  additions  of  certain  elements,  such  as  chromium, 
appear  to  improve  hot  corrosion  protectivity,  the  benefits 
to  be  gained  have  generally  not  proved  to  be  cost  effective 
over  the  required  range  of  conditions. 

After  several  years  of  relatively  unproductive  testing  of 
modified  diffusion  coatings,  in  1965  Pratt  and  Whitney 
initiated  a program  to  develop  a so-called  overlay  coating  of 
composition  specifically  designed  to  combat  hot  corrosion 
degradation. 

DEVELOPMENT  DF  CoCrAlY  OVERLAY  COATINGS 

The  initial  product  of  tliis  development  program,  an  iron- 
chromium-aluminum-yttrium  coating  proved  to  have  signif- 
icantly greater  hot  corrosion  resistance  than  the  P & WA 
slurry  diffusion  coating,  particularly  at  intermediate  tem- 
peratures. Tliis  coating  was  however,  less  diffusionally 
stable  than  desired  in  the  1 900-2000“F  range.  A search  for 
a better  balance  between  intermediate  temperature  corrosion 
performance  and  higher  temperature  diffusional  stability 
with  attendant  desirable  oxidation  properties,  led  to 
the  developmc' t of  the  CoCrAlY  series  of  coatings. 
Tliis  development  was  aided  in  part  by  a NASA  con- 
tract (8). 

The  rationale  behind  the  developmer'  improved 
perform-  •»  of  this  coating  will  now  b3  d J in  some 
detail.  ,s  obvious  that  all  o'  the  folio  points  were 
not  known  during  the  early  development  r.tagts  but  they 
do  now  tend  to  fall  into  place  and  serve  a useful  purpose  of 
describing  the  properties  ofthe  coating  system  and  perhaps 
suggesting  a line  of  reasoning  for  future  development 
programs. 
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area  consumed  by  coating  formation. 
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HOT  CORROSION  RESISTANCE  OF  COBALT  vs. 
NICKEL-BASE  ALLOYS 

Figures  7 througli  10  illustrate  an  apparent  fundaincntal 
property  of  Co-Cr-Al  in  comparison  to  Ni-Cr-AI  alloys. 
Cobalt  and  nickel-base  alloys ofidentical  composition  were 
rig  hot  corrosion  tested,  in  the  uncoated  and  diffusion  coated 
condition.  Tire  photomicrographs  clearly  sliow  that  the 
cobalt-base  alloy,  and  the  coating  thereon,  are  substantially 
more  corrosion  resistant  than  the  nickel-base  analogues. 
Tliis  simple  experiment  confinned  previous  general  obser- 
vations that  CoAl  based  coatings  on  cobalt-base  vane  alloys 
are  more  resistant  to  sea  salt  induced  hot  corrosion  than  are 
NiAl  coatings  on  nickel-base  alloys.  Tlie  experiment  also 
indicates  that  differences  in  chromium  content  are  not  the 
reason  for  the  jrerformance  difference.  Wliile  there  is  as  yet 
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Alloy:  NI-2SXCr-6%AI 

TImo  In  Tost:  42  hrs  i H t H t 

Figure  7.  Surface  degradation  of  Ni-2SCr-6AI  alloy  after  42  hours 
in  cyclic  1800°F,  3.5  ppm  tea  nit  sulfidation  test. 


no  mechanistic  explanation  for  this  advantage  of  cobalt  over 
nickel-base  alloys,  it  is  clear  that  of  the  two  elements,  cobalt 
is  the  best  choice  as  the  base  for  a hot  corrosion  resistant 
coating.  Further  studies  on  this  subject  arc  in  progress  under 
an  Air  Force  (ARL)-Pratt  and  Whitney  Contract. 


ROLE  OF  ALUMINUM  AND  CHROMIUM 

At  this  time  it  is  generally  agreed  that  AI2O3  is  still  the 
best  protective  oxide  available  for  higji  temperature 
^1800°F)  coatings.  Figure  II  sliows  parabolic  rate  con- 
stants for  oxide  growth  derived  from  isothcnnal  oxidation 
studies  and  illustrates  that  the  choice  of  AI2O3  is  soundly 
based.  Reason  suggests  that  from  a protectivity  standpoint, 
a coating  sitould  have  the  higlrcst  possible  aluminum  content. 


Oiidation 


Alloy:  Ni'25%Cr>6XAI 

Coating  : PWA  73 

Time  : 124  hrs  I 1^*  H J 

Figure  9.  Extent  of  degredation  of  eluminide  coetin(c  on  Ni-2lXr-6AI 
elloy  efter  124  hourt  in  cyclic  IBOO^F,  3.5  ppm  mt  ult  lulfidetion 
test. 


penetration 


Alloy  : Co-25XCr-6XAr 
Tlm«T  20S  hrt  j i lM  H— i 


Alloy:  Co-25XCr-6%AI 
Coating:  PWA  73 
Time  : 208  hrs 
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Fipire  8.  Suifece  degredetion  of  Co-2SCr-6AI  eNoy  after  208  hours 
in  cyclic  18O0°F,  3.5  ppm  tea  salt  suKidation  test  Note  subetantiaHy 
lets  attack  than  for  the  correiponding  nickel-base  sHoy  in  Figure  7. 
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Figure  10.  Extant  of  degradation  of  akiminida  coating  on  Co-25Cr- 
6AI  alloy  after  208  hours  in  cyclic  1800°F,  3.5  ppm  sea  salt 
sulfidatian  test. 
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From  this  standpoint  a choice  of  chemistry  corresponding 
to  the  CoAl  intennetahic  phase  would  be  indicated,  but 
overlay  coating  processing  limitations  and  mechanical  prop- 
erty effects  (to  be  discussed  in  a later  section  of  this  paper) 
negate  this  choice  and  dictate  lower  aluminum  contents. 

Figure  12  sliows  the  results  of  limited  work  on  the  deter- 
minations of  oxides  fonned  on  Co-Cr-Al  alloys.  Tliis  data 
indicates  that  chromium  promotes  alumina  formation  at 
aluminum  contents  lower  than  those  at  which  this  oxide  will 
fonii  on  binary  Co-Al  alloys,  probably  by  mechanisms  simi- 
lar to  those  described  by  Pettit  and  Giggins(9)  for  Ni-Cr-Al 
alloys. 


OXIDES  FORMED  ON  Co-Cr-AI  ALLOYS 


WEIGHT  PERCENT  CHROMIUM 

Figur*  12.  OxidM  formed  on  Co-Cr-AI  atoys  by  iwtfiarmal  oxida- 
tion at  2000  F.  Ragion  l-CoO  * intamal  AI2O3  and  Cr203,' 
Region  Il-Cr203  * intarnal  AI2O3;  Region  lll-axtamal  AI2O3. 


Thus,  coatings  practically  useful  from  the  standpoints 
of  processing  and  mechanical  properties  can  be  designed  in 
the  nominal  range  of  10  to  15%  aluminum  by  appropriate 
additions  of  chromium.  From  a great  deal  of  previous  work 
in  many  laboratories,  it  is  immediately  assumed  that  chro- 
mium should  also  provide  additional  hot  corrosion  resistance. 
Definitive  work  which  allows  first  principle  selections  of 
chromium  contents  has  not  yet  been  performed  and  so  the 
selection  of  exact  chromium  contentshas  been  based  largely 
on  empirical  development.  Adding  to  these  considerations 
was  the  prior  existence  of  low  aluminum  Co-Cr-Al-Y  struc- 
tural alloys  of  significant  hot  corrosion  resistance  developed 
by  Garrett  Airesearch  (8). 


ADHERENCE  OF  PROFECTIVE  AI2O3 

Collins  and  Wukusik  (I !}  and  others  have  demonstrated 
the  advantages  in  cyclic  oxidation  resistance  to  be  gained  by 
promoting  improved  oxide  (AI2O3)  adherence  by  the  addi- 
tion of  reactive  metals  such  as  yttrium  to  alumina  forming 
alloys.  Tlie  benencial  effect  is  illustrated  in  Fig.  13;  it  is 
reasonably  clear  that  such  effects  sliould  minimize  coating 
degradation  by  aluminum  depiction  caused  by  oxide  spal- 
ling under  practical  gas  turbine  condition:.  Further,  since 
it  is  believed  that  hot  corrosion  via  basic  fluxing  of  AI2O3 
must  involve  sulfur  transport  through  the  oxide  scale,  it  can 
be  theorized  that  thicker,  adlierent  scales  should  be  more 
resistant  to  tliis  type  of  hot  corrosion  than  the  thinner 
scabs  which  must  reform  after  spalling  on  coatings  which 
do  not  form  adlierent  oxides.  Stringer  (12)  has  proposed 
and  Tien  and  Pettit  (13),  more  recently,  have  demonstrated 
fairly  conclusively  that  prevention  of  vacancy  condensation 
at  the  oxide-metal  interface  on  FeCrAlY  alloys  is  at  least 
one  of  the  major  reasons  for  the  oxide  adherence  effect 
promoted  by  reactive  elements  such  as  yttrium.  Further 
research  is  in  progress,  under  an  Air  Force  (ARL)-Pratt  and 
Whitney  contract  to  further  elucidate  the  adherence  effect 
on  Co-Cr-Al-(Y)  and  Ni-Cr-AI-(Y)  type  alloys. 


FiguralX  GanaralixMl  illuttralion  of  tH«c1  of  active  alMiignt  (A.E.I 
addition,  a.g.  yttrium,  on  adfiaranca  of  AI2O3  icataa. 


MECHANICAL  PROPERTY  EFFECTS 

Certain  design  of  modern  air<ooled  hardware  can  impose 
peak  tensile  thermal  strains  at  relatively  low  temperatures 
where  costings  based  on  intermetalli:  matrices  such  as  CoAl 
and  NiA-  exhibit  brittle  behavior.  Cyclic  tensile  strains 
near  to  or  in  excess  of  the  fracture  strains  of  such  coatings 
cause  coating  cracking  in  a very  few  cycles  or  in  the  extreme 
case,one  cycle.  As  would  be  expected  and  as  will  be  shown, 
ductility  and/or  brittle-ductile  transition  temperature  is  a 
strong  function  of  aluminum  content  and  therefore  design 
of  overlay  coatings  for  certain  critical  application  becomes 
a trade-off  between  aluminum  conbnt,  which  equates  to 
durability,  and  ductility  which  contributes  to  thermal  fatigue 
resistance. 
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PROCESSING 


After  consideration  and  preliminary  testing  of  a number 
of  possible  processing  techniques  such  as  foil  cladding, 
plasma  spraying  and  slurry  sintering  or  fusion,  induction 
heated  crucible  evaporation,  and  electron  beam  evapora- 
tion, the  latter  technique  was  finally  developed  as  the  most 
successful  method  of  coating  application.  Ilic  process  is 
illustrated  schematically  in  Fig.  14.  Brictly.  a CoCrAlY 
ingot  of  composition  predetermined  to  yield  the  desired 
coating  chemistry,  is  fed  upward  into  a water  cooled  copper 
hearth  where  it  is  melted  by  an  impinging  electron  beam. 
Wlien  pool  equilibrium  has  been  readied  with  rc$|x;ct  to  the 
varying  vapor  pressures  of  the  component  elements,  clusters 
of  blades  or  vanes  are  inserted  through  a load  lock  over  the 
molten  pool.  Coating  is  deposited  on  the  slowly  rotated 
parts  held  at  elevated  temperature  by  a radiant  heater.  The 
parts  are  withdrawn  and  subjected  to  post-coating  process- 
ing, includinghcat  treatment  to  produce  the  structure  shown 
in  Fig.  1 5. 


PROPERTIES  OF  CoCrAlY  COATINGS 
HOT  CORROSION  RESISTANCE 

A general  comparison  of  the  hot  corrosion  resistance 
(sea  salt  contamination)  of  CoCrAlY  coatings  and  a diffu- 
sion coating  (JuCoat)  is  given  in  Fig.  16.  As  c.\'i)ectcd,  dura- 
bility, which  must  sotnetimes  be  traded  off  with  ductility 
(fatigue),  is  strongly  affected  by  aluminum  content.  Also, 
in  rig  testing,  and  tentatively  confirmed  in  engine  tests,  the 
relative  durability  increases  markedly  with  decreasing  tem- 
perature. Field  evaluation  has  confirmed  the  advantages 
show'n  by  the  rig  tests  (Fig.  17)  although  it  will  require 
several  more  years  to  determine  relative  performances  under 
a variety  of  conditions. 


THE  VAPOR  DEPOSITION  COATING  PROCESS 


Figure  14.  SdiemMic  illuftration  of  the  eloctron  beam  vapor  deposi- 
tion coating  process. 
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Figure  15.  Typical  fully  procassad  CoCrAlY  coating  illustrating 
two  phase  structure-j)  ICoAl)  (dark  phase)  and  y ICo  solid  solution) 
light  phase.  I500X) 


RELATIVE  HOT  CORROSION  PERFORMANCE 
OF  COATINGS 


Figure  16.  Relative  hot  corrosion  resistances  of  CoCrAlY  arut  dif- 
fusion aluminide  coatirrgs.  As  indicated,  relative  lifetimes  depend 
on  test  conditions  with  performance  of  CoCrAlY  increasing  at  lower 
temperatures  and  lower  salt  contamination  levell. 


Figure  17,  Results  of  initial  field  service  evaluation  of  CoCrAlY  coatings  on  FT4  first  turbine  bledes. 


On  the  debit  side,  limited  laborntory  and  rig  testing,  and 
field  c,xpcrieiice  indicate  that  the  piotcctive  life  ofCoCrAlY, 
as  with  other  ty[)cs  of  coatings,  is  shortened  by  Na2S04- 
V2O5  attack.  Figure  18  shows  the  pitting  type  of  attack 
observed  on  parts  run  in  a ni  'rinc  engine  burning  fuel  con- 
taminated with  vanadium.  Localized  penetration  of  the 
coating  is  imminent  and  has  occurred  on  other  parts  ob- 
served from  this  field  test. 


MECHANICAL  PROPERTIES 

Since  CoCrAlY  must  be  applied  to  a number  of  different 
blade  designs  railing  from  simple  solid  configurations  to 
impingement  or  film  cooled  hollow  configurations,  a range 
of  ductility/durability  trade-offs  were  necessary  to  provide 
the  required  flexibility  for  these  applications.  Fhgurc  19 
shows  the  range  of  properties  available  over  a relatively 
narrow  range  of  aluminum  contents.  Low  cycle  thermal 


fatigue  (tiicrmal-mechanicul,  strain  controlled  test)  prop- 
erties. based  on  cycles  to  crack  initiation  arc  illustrated  in 
F'ig.  20.  This  crack/fatiguc  resistance  has  also  been  demcn- 
strated  in  a number  of  purposely  severe  engine  tests. 

Wlien  properly  matched  to  the  base  alloy  heat  treatment, 
the  only  effect  wliich  virgin  CoCrAlY  coatings  can  have  on 
blade  creep  properties  arises  from  the  additional  non-load 
bearing  weight  of  the  coating  on  the  blade.  Tire  importance 
of  the  effect  depends  on  the  specific  blade  design  and  its 
particular  life  limiting  property-obviously  for  a creep  limited 
blade,  the  effect  can  be  quite  important  as  illustrated  in  Fig. 
31.  Consideration  of  this  effect  early  in  the  blade  design 
system  is  obviously  of  importance. 

In  addition,  loss  of  substrate  load  bearing  area  by  coat- 
ing/substrate  interdiffusion  can  become  important  at  higher 
temperatures,  in  excess  of  2000-2100'’F,  for  example. 
Tliis  effect  is  currently  of  little  importance  at  the  relatively 
low  tcm[K‘raturcs  encountered  in  marine  turbine  applica- 
tions. 


strain  to  Crachins  (%| 


Figure  18.  Localized  pitting  attack  of  CoCrAlY  coating  run 
in  a marine  engine  environment.  Attack  is  believed  to  be 
caused  by  Na2S04>V20s  deposits.  (500X) 


TempfF) 


Figure  19.  Relative  brittle^ductile  transition  behavior  of  CoCrAlY 
artd  diffusion  aluminide  coatings.  Range  indicated  for  CoCrAlY 
re'^cts  the  variation  of  ductility  with  aluminum  content. 


THERMAL -MECHANICAL  FATIGUE 

BEHAVIOR  OF  COATINGS 


Figure  20.  Effects  of  coating  composition  on  low  cycle  fatigue 
cracking  of  coatings.  Strain  was  purposely  high  in  this  test  to  illus- 
trate beneficial  effects  of  a more  ductile  CoCrAlY  composition. 


EFFECT  OF  COATING  WEIGHT 
ON 

BLADE  CREEP  LIFE 


COATING  THICKNESS  (milt) 
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Figure  21.  Typical  effect  of  coating  thickness  (weight)  on  blade  creep 
life.  Theeffect  is  of  importance  only  for  creep  limited  blade  desicis^ 


PROCESSING 

Tlie  electron  beam  evaporation  process  has  proved  more 
than  adequate  for  production  pur|X)ses  and  CoCrAlY  coal' 
ings  are  being  produced  for  several  different  engine  types, 
including  those  used  for  marine  and  power  generation  pur> 
poses. 

TIte  line-of-siglil  properties  of  the  vapor  cloud  have  been 
at  least  partly  compensated  for  by  the  use  of  crMitpIcx 
rather  simple  rotational  modes  over  the  molten  pool.  By 
these  techniques  adequate  coating  coverage  of  shrouds  and 
platforms  of  blades  and  vanes  can  be  obtained.  As  expected, 
recessed  areas,  such  as  deep  holes  and  internal  cooling  pas- 
sages cannot  be  coated  by  the  current  process.  Where  re- 
quired. resort  is  made  to  the  use  of  pack  cementation  coat- 
ings for  the  protection  of  such  surfaces. 

At  aluminum  contents  such  that  the  coating  consists  of 
single  phase  CoAl  (or  NiAl  for  nickel  based  coatings)  the 
total  process  tends  to  produce  coalings  of  undesirable 
structure  shown  in  Fijf;.  22.  Thus  the  chemistry  limitations 
of  the  current  process;  chemistries  adjusted  to  provide  two 
phase  (CoAl)  t-^Co  solid  solution  provide  the  most  satis- 
factor>'  structures.  This  has  not  proved  to  be  a serious  limi- 
tation for  it  has  been  shown  that  for  most  applications, 
single  phased  CoAl  coatings  are  usually  loo  brittle  and  are 
thus  not  sufncicntly  resistant  to  transient  thermal  strains. 

By  virtue  of  the  particular  vapor  deposition  conditions 
used  for  practical  production  of  hardw  are.  the  coating  struc- 
tures are  usually  coh  mnar  in  nature  but  to  date  no  serious 


r V 


Fi|M«22.  iHi^MiriWaCoCrAIYcoMinttiniclure 

piMlHMd  Hmm  ifciwriiwty  hi^  atumimim  coMmil  (500X1 


deleterious  effects  have  been  observed  because  of  this  struc- 
ture. 

For  most  critical  applications  where  the  diffusion  coatings 
cause  specific  airfoils  to  be  coating  limited,  the  overall  cost 
effectiveness  of  the  electron  beam  vapor  deposited  coatings 
is  judged  to  be  satisfactory.  Nevertheless,  these  coatings  arc 
quite  expensive  and  every  effort  is  being  made  throu^  im- 
proved process  development  to  reduce  processing  costs.  As 
is  to  be  expected,  increasing  volume  of  ''"oduction  is  a 
substantial  aid  in  this  respect. 

THE  FUTURE 

Wliile  there  is  a current  tendency  to  hold  the  line  or 
even  decrease  metal  operating  temperatures  in  ship  propul- 
sion turbiites  to  reduce  hot  corrosion  problems,  there  are 
certa>;i  / strong  reasons  to  require  higher  temperatures  in 
the  near  future.  Metal  temper:  ares  can  also  be  expected  to 
increase  in  aircraft  gas  turbines.  Both  types  of  engines  will 
continue  to  encounter  environments  which  cause  life  limit- 
ing hot  corrosion  problems,  with  ship  propulsion  turbines 
presenting  the  most  severe  problems  because  of  the  use  of 
contaminated  fuel  and  the  possibility  of  more  continuous 
ingestion  of  sea  salt.  While  significant  relief  apparently  can 
and  will  be  gained  by  the  use  of  fuel  washing,  fuel  additives 
and  air  nitration,  the  demand  for  more  corrosion  resistant 
coatings  will  continue. 

Depending  on  accurate  long  tenn  projections  for  the 
availability  of  various  types  of  fuels,  more  or  less  attention 
will  have  to  be  given  to  development  of  resistance  to  hot  cor- 
rosion caused  by  various  combinations  of  sulfates  and 
vanadium  and  lead  oxides. 

It  seems  clear  that  overlay  coatings  in  some  fonn,  with 
their  relative  independence  of  substrate  properties  and  flexi- 
bility in  turns  of  compositional  variations  will  continue  to  be 
a profitable  route  to  pursue.  Systems  deserving  further 
investigation  include: 

1.  High  chromium  nickel-base  alloys; 

2.  Platinum  metal  modifications  of  current  coating 
systems; 

3.  Overlay  coatings  containing  dispersed  oxide  p;  tides; 

4.  Ceramic  coatings  including  the  insulative  type. 

Tlie  last  item  may  be  looked  upon  as  a forerunner  to  the 
use  of  corrosiim  resistant  ceramic  airfoils,  a concept  which 
appears  to  be  limited  mainly  by  design  problems  at  this 
time. 

Process  development  for  overlay  coatings  with  a view 
to  cost  reduction  and  increased  flexibility  with  respect  to 
both  coiupositional  variations  and  coverage  of  complex 
surfaces  should  be  vigorously  pursued. 

The  use  of  fuel  additives  to  inhibit  hot  corrosion  is  re- 
ceiving renewed  interest  and  as  understanding  of  hot  corro- 
sion mechanisms  advances,  both  in  the  engine  and  in  the 
laboratory,  it  is  likely  that  this  wOl  prove  to  be  a valuable 
approach  at  increasingly  high  temperatures,  particularly 
with  respect  to  ship  propulsion  turbines. 
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Basic  rcsearcli  required  to  support  development  work  in 
tlie  above  areas  sliould  include: 

1.  Further  refinement  of  theories  of  hot  corrosion 
mechanisms; 

2.  Understanding  of  engine  conditions  which  lead  to  hot 
corrosion; 

3.  Further  understanding  of  active  clement  and  par- 
ticle effects  with  respect  to  oxide  adlrcrencc  and 
structure; 

4.  Continued  search  for  oxides  or  other  compounds 
which  inhibit  hot  corrosion. 

No  one  approach  will  solve  the  hot  corrosion  problem. 
Various  combinations  of  improved  coatings  and  alloys, 
fuel  purification  and  additives,  air  filtration  and  periodic 
turbine  cleaning  (washing)  will  provide  significant  increases 
in  turbine  durability  in  the  future. 
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SUMMARY 

The  purpose  of  this  report  is  to  ptjscnt  an  overview  of  the  many 
studies  at  the  NASA-Lewis  Research  Center  which  together  form 
the  turbine  component  life-prediction  program.  This  program  has 
three  phases;  (I)  development  of  life  prediction  methods  for  each 
of  the  major  potential  failure  modes  through  a wide  range  of  mate- 
rials studies,  (2)  evaluation  and  improvement  of  these  methods 
through  a variety  of  burner  rig  studies  on  simulated  conu>oncnts, 
and  (3)  application  of  a unified  life-prediction  method  to  prototype 
turbine  components  in  research  engines  and  advanced  rigs. 

In  different  temperature  ranges,  different  properties  become 
dominant  in  determining  engine  component  life.  The  resistance  of 
materials  to  fatigue,  creep,  and  oxidation  arc  being  determined 
through  closely  controlled  laboratory  tests.  In  addition  to  conven- 
tional testing  machines,  specialized  equipment  has  been  devclo|K'd 
to  obtain  materbi  properties  under  sim  .latcd  engine  environments. 
Tor  example,  automatic  cycling  furnaces  arc  used  to  determine 
changes  in  weight,  surface  chemistry,  microstructurc,  and  o.xide 
scale.  Tluidized  beds  arc  used  to  study  thermal-fatigue  cracking  in 
various  alloys  and  coatings  and  to  evaluate  fatiguc-lifc  theories. 

Because  the  cn^nc  environment  is  much  more  aggressive  than 
that  in  furnaces  or  fluidized  beds,  it  can  cause  important  changes  in 
material  behavior.  Tests  in  high-velocity  burner  rigs  have  shown 
drastic  increases  in  weight  loss,  consumption  of  coatings,  and  creep 
rates.  Large  decreases  have  been  found  in  rupture  and  fatigue  lives. 
Thus,  rig  and  furnace  test  data  must  be  integrated  before  the  lives  of 
engine  components  can  be  predicted. 

Computer  codes  arc  now  being  developed  that  consider  fatigue, 
CTccp,  and  oxidation  life  prediction  in  a unified  manner.  Ihe  first 
two  of  tlicsc  failure  modes  arc  now  included  in  a comnutcr  code 
called  THCRMFl.  With  this  code,  thermal-fatigue  ’ife  can  be  cal- 
culated for  known  temperature  and  deformation  cycles  using  con- 
ventional mechanical  properties.  THERMri  has  been  verified  with  a 
wide  variety  of  laboratory  and  rig  tests.  Studies  arc  in  progress  to 
extend  this  code  to  include  failure  by  coating  consumption  during 
long  hold  times  at  elevated  temperature. 


INTRODUCTION 

Tlie  Lewis  Research  Ceitter  is  the  principal  NASA  labora- 
tory for  research  and  development  of  aerospace  propulsion 
systems.  A major  goal  of  Le  wis  is  to  advance  the  technology 
of  aircraft  gas  turbine  engines,  from  component  details  to 
complete  systems.  One  highly  complex  area  of  special  im- 
portance is  the  prediction  and  improvement  of  the  life  of 


turbine  blades  and  vanes.  The  purpose  of  this  report  is  to 
present  an  overview  of  the  many  studies  at  Lewis  that  to- 
gether form  the  turbine  component  life-prediction  program. 

Tlie  program  has  three  phases:  ( 1 ) development  of  life 
prediction  methods  for  major  potential  failure  modes 
through  a wide  range  of  materials  studies,  (2)  evaluation 
and  improvement  of  these  methods  througli  a variety  of 
burner  rig  studies  on  simulated  components,  and  (3)  appli- 
cation of  a unified  life  prediction  method  to  prototype  tur- 
bine components  in  research  engines  and  advanced  rigs. 
Tlicse  three  phases  fonn  a cooperative,  interdisciplinary 
program  involving  mission  analysis,  fluid  and  solid  mechan- 
ics, thermodynamics,  metallurgy,  and  statistics. 

Predicting  the  lives  of  turbine  components  is  compli- 
cated by  the  complex  geometry  of  the  parts  themselves. 
Typical  air-cooled  components  are  shown  in  Fig.  1.  These 
are  small,  intricate,  thin-walled  structures  acting  both  as 
highly  loaded  airfoils  and  high-flux  heat  exchangers.  They 
must  perform  this  dual  role  at  extreme  metal  temperatures, 
in  an  oxidizing  atmosphere,  and,  in  the  case  of  blades, 
while  moving  at  speeds  approaching  sonic  velocities.  More- 
over, they  arc  routinely  subjected  to  vibration  and  to  severe 
transient  loading  during  frequent  starts  and  slops.  Finally, 
a failure  in  one  of  these  critical  components  can  quickly 
escalate  to  loss  of  perfonnance  and,  potentially,  to  the  loss 
of  an  engine. 

Figure  2 shows  the  complex  internal  geometries  required 
for  advanced  cooling  methods  (1,2),  that  make  the  mod- 
em cooled  turbine  airfoil  a costly  as  well  as  a critical 
component.  Thus,  the  ability  to  predict  and  eventually  im- 
prove the  life  of  a turbine  blade  or  vane  can  result  in  higlier 
performance,  lower  engine  and  maintenance  costs,  and 
increased  safety. 

In  general,  the  scope  of  this  review  will  be  limited  to 
tho.se  studies  at  Lewis  that  include  both  turbine  components 
and  life  prediction.  A number  of  other  Lewis  publications 
provide  comprehensive  reviews  of  related  areas:  references 
1 to  3 review  efforts  on  aircraft  gas  turbines;  references  4 
to  8 review  efforts  to  understand  and  develop  better  turbine 
materials;  and  references  9 to  1 1 deal  with  the  areas  of  stress 
analysis  and  fatigue. 
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TURBINE  COMPONENT 
LIFE-PREDICTION  PROGRAM 

POTENTIAL  FAILURE  MODES 

Tlic  major  potential  failure  modes  for  turbine  com- 
ponents are  presented  scliematically  in  Fig.  3.  Stresses  higli 
enougli  to  produce  premature  fracture  or  buckling  arc  gjen- 
erally  avoided  by  a preliminary  elastic  stress  analysis.  The 
long-term  failure  mechanisms  arc  those  that  dictate  life. 
At  temperatures  below  approximately  800°C  mechanical 
fatigue  s often  the  dominant  failure  mode.  The  en^nc 
environment  usually  exerts  only  a second-order  inlluence 
in  this  temperature  range.  At  the  higher  temperatures,  above 
about  1000°C,  creep,  oxidtition,  and  thermal  fatigue  (acting 
alone  or  together)  usually  cause  failure.  Environmental  ef- 
fects arc  dominant  in  this  temperature  range.  In  the  inter- 
mediate temperature  .mge,  800°  to  1000°C,  any  of  the 
several  failure  modes  shown  in  the  figure  can  be  dominant, 
depending  on  the  stricture,  the  material,  and  the  engine 
cycle.  This  tem|)craturc  range  is  particularly  critical  for 
sulfidation,  a failure  mode  of  importance  for  marine  gas 
turbines. 

Protective  coa.ings  can  alter  the  mode  of  failure  and 
extend  the  life  of  tlic  component  until  the  coating  itself  is 
depleted  by  oxidation  or  cracked  by  fatigue.  Generally, 
mechanical  fatigue  and  creep  form  an  upper  bound  on  life, 
for  a given  application.  Althougli  Fig.  3 is  merely  a 
schematic  representation  of  possible  interactions  of  the 
major  failure  modes,  it  docs  illustrate  that  several  failure 
mechanisms  combine  to  produce  a region  of  available  life. 
One  of  the  goals  of  life-prediction  methods  is  to  define  this 
n. 


PHASES  OF  THE  LIFE-PREDICTION  PROGRAM 

Tlie  three  major  phases  of  tlic  Lewis  life-prediction  pro- 
gram for  turbine  components  arc  illustrated  in  Fig.  4.  These 
phases  arc  in  various  stages  of  development,  as  will  be  dis- 
cussed in  subsequent  sections  of  this  report.  The  first  phase 
includes  materials  tests  such  as  uniaxial  tensile,  creep,  and 
mechanical  fatigue.  These  tests  arc  conducted  on  very 
simple  specimens  and  arc  su])plcmcntcd  by  static  and  cyclic 
furnace  oxidation  studies.  Basic  methods  for  predicting 
life  have  been  developed  from  the  resulting  data.  Thermal- 
fatigue  tests  on  relatively  simple  wedge  specimens  in  fluidized 
beds  arc  used  to  evaluate  these  methods. 

In  the  second  phase  of  the  program,  evaluation  of  life- 
prediction  methods  continues  in  burner  rig  tests  directed 
toward  a better  simulation  of  the  hot  gas  environment  of  an 
engine.  Wedge  specimens  arc  used  to  study  cyclic  oxidation 
behavior  and  to  evaluate  methods  for  predicting  coating  life. 
Airfoil  specimens  arc  used  to  evaluate  thermal-fatigue  life 
predictions  in  a simulat,d  engine  environment  for  complex 
geometries.  Asa  result  ol  burner  rig  tests,  the  life-prediction 


techniques  are  expanded  or  modified  to  integrate  addi- 
tional factors  such  as  high  gas  velocity,  rapid  temperature 
transients,  stress  concentrations,  combustion  products,  etc. 

The  third  and  final  phase  of  the  program  is  the  prediction 
of  lives  for  prototype  components  tested  in  engines  and  rigs. 
Tliis  provides  the  best  evaluation  of  life-piediction  methods 
and  the  first  step  in  developing  improved  turbine  com- 
ponents. 


c-M-m 
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Figure  1.  Typical  cootad  turbine  componenti; 


(e)  coolinf.  (h)  Trmt^iritton  cooMMi^tconflyuriiian. 


Figure  2.  Complex  turbine  blada  configuration*  raqukad  for  variout 
cooling  mathodf. 
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PHAISE  I:  DEVELOPMENT  OF  PREDICTION  METHODS 
THROUGH  MATERIALS  STUDIES 

The  purpose  of  the  first  phase  of  the  general  program  is  to 
develop  a prediction  method  for  each  of  the  potential 
failure  modes  in  its  “pure"  form  and  then  to  integrate 
these  methods  into  a unified  life-prediction  technique.  Each 
failure  mode  requires  detailed  study  to  understand  the 
damage  mechanisms  and  to  describe  the  damage  process 
quantitatively.  Quantitative  description  is  the  basis  of  any 
life-prediction  method. 


Pi)Mr«  3.  Factors  influencing  turbine  component  life. 


Materials  studies  are  usually  conducted  on  small  samples 
(coated  and  uncoated)  under  carefully  controlled  laboratory 
conditions.  These  conditions  are  seldom  as  severe  as  engine 
service  unless  temperatures,  stresses,  or  environment/  are 
deliberately  altered  to  accelerate  damage.  The  assumption 
is  made  that  the  engine  environment  may  increase  damage 
rates,  but  the  damage  mechanisms  remain  the  same.  Thus, 
life-prediction  methods  developed  from  material:  studies 
must  provide  for  the  changing  of  rates  to  suit  engine  'ervice. 


BASIC  MECHANICAL  TESTS  AND  DATA  ANALYSIS 

Test  procedures  for  obtaining  conventional  tensile, 
creep-rupture,  and  mechanical-fatigue  data  are  widely  used 
and  well  documented.  These  tests  are  usually  isothermal, 
and  they  provide  the  basic  strength  and  deformation  in- 
formation that  characterize  the  maierial.  Methods  have 
been  developed  for  interpolation  and  extrapolation  of 
these  data.  For  example,  time-temperature  parameters  for 
the  analysis  of  creep-rupture  data  have  been  studied  exten- 
sively at  Lewis  (12-14).  Methods  are  also  required 
for  applying  isothermal  test  data  to  cycles  that  are  not 
isothermal.  Two  such  methods  now  being  used  to  predict 
thermal-fatigue  life  are  the  Method  of  Universal  Slopes 
(IS)  for  mechanical  fatigue  and  the  Method  of  Life 
Fractions  for  creep  (14,16). 

Method  of  Unh'erailSIopes-Thii  is  an  empirical  equation 
relating  cyclic  life  to  strain  range,  using  tensile  ductility, 
ultimate  tensile  strength,  and  Young’s  modulus.  It  is  used 


Figure  4.  TurbifM  component  life-prediction  program. 
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to  predict  fuihire  in  tlic  pure  futiguc  mode.  Tcm{)crature  is 
assumed  to  affect  fatigue  iife  indirectly,  tlirougli  its  effect 
on  tensde  properties.  Time  ciil'cts  such  as  creep  and  o.Kida- 
tion  are  assumed  to  be  absent.  For  nonisotiiernial  cycles, 
the  temirerature  in  the  cycle  that  gives  the  shortest  calculated 
life  is  used. 

Method  of  Ufe  l-raclions~l\\\s  is  a rule  for  calculating 
creep-rupture  life  under  cyclic  conditions  of  temperature 
and  stress.  The  cycle  is  divided  into  small  time  intervals, 
each  having  a nominal  tcni()erature  and  stress,  and  thus  a 
nominal  rupture  time.  The  fraction  of  life  consiinied  in  each 
interval  is  then  assumed  to  be  the  ratio  of  the  interval  time 
to  the  rupture  time.  The  life  fractions  arc  summed  fur  a 
complete  cycle  to  obtain  the  damage  per  cycle.  The  recipro- 
cal of  this  sum  is  assumed  to  be  the  cyclic  life  in  the  pure 
creep  mode. 

Other  methods  fur  characteri/iiig  the  resistance  of  mate- 
rials to  low-cycle  fatigue  are  bei>ig  studied  at  Lewis.  One 
of  the  most  promising  of  these  is  Strainrange  Partitioning 
(17,18).  With  this  method,  any  inelastic  strain 
cycle,  no  matter  how  compic.x,  can  be  subdivided  into 
four  basic  components.  These  components  are  unique 
combinations  of  plastic  and  creep  strains.  They  are  related 
indeiiendently  to  cyclic  life  by  equations  that  are  generaliza- 
tions of  the  well-known  Manson-Coffiii  equation.  A linear 
life  fraction  rule  is  used  to  sum  the  damages  resulting  from 
each  of  the  strain  range  components.  Failure  is  assumed  to 
occur  when  the  summation  of  life  fractions  equals  unity. 
This  method  has  the  potential  of  guiding  the  generation  of 
fatigue  data  (1 7),  improving  the  understanding  of  fatigue 
mechanisms,  and  interpreting  the  effects  of  frequency,  hold 
time,  temperature,  and  environment. 


OXIDATION  TESTING  IN  FURNACES 

The  vast  majority  of  oxidation  studies  have  been  con- 
ducted under  isothermal,  noncyclic  conditions  so  as  to  con- 
tinuously measure  weight  gain  of  oxygen  per  unit  area  of  the 
specimen.  These  data  were  then  used  to  calculate  an  oxy- 
gen pickup  or  scale  growth  rate  constant,  a number  long 
used  as  an  index  of  oxidation  resistance.  Recently,  a few 
programs  have  explored  the  influence  of  thermal  cycling  on 
the  scaling  and  spalling  behavior  of  turbine  alloys 
(20,21).  Such  studies  have  shown  that  thermal  cycling 
accelerates  surface  attack,  promotes  spalling  of  oxide  scales, 
and  eventually  results  in  weight  loss  rather  than  gain  in 
the  specimen.  Of  special  importance  is  the  observation  that 
protective  coatings  arc  often  consumed  during  thermal 
cycling,  when  iosthcrmal  tests  showed  little  or  no  consump- 
tion. For  these  reasons,  Lewis  has  adopted  the  use  of  cyclic 
furnace  testing  of  coated  turbine  alloys  as  the  first  step  in 
establishing  their  oxidation  re.«istance  and  coaling  behavior. 

A typical  cyclic  oxidation  furnace  facility  is  shown  in 
Fig.  S.  .Specimens  are  suspended  from  platinum  wires  to 
minimize  the  influence  of  the  support  material  on  oxide 


scale  composition.  Each  specimen  is  in  its  own  tube  to 
eliminate  cross  contamination  from  oxide  vapors.  The 
transfer  mechanism  lifts  the  specimens  out  of  the  furnace 
forslow  cooling  to  room  temperature.  A small  cup  is  moved 
into  place  beneath  each  specimen  so  that  the  oxide  spall 
can  be  collected  for  analysis.  Cycles  arc  usually  1 hour 
long,  to  approximate  an  average  fliglit  cycle.  Furnaces  of 
this  type  are  operated  around  the  clock,  unattended,  with 
periodic  interruptions  for  weighing  of  specimens  and  col- 
lecting of  spalled  oxide. 

Cyclic  oxidation  tests  indicate  that  coating  failures  are 
usually  preceded  by  the  thinning  and  subsequent  breaking 
up  of  a key  protective  layer  or  phase  (22,23).  These  ob- 
servations are  described  in  more  detail  in  the  appendix 
and  have  led  to  the  concept  of  “laye.'  break-up”  for 
predicting  coating  life.  This  concept  is  now  in  its  early 
stages  of  development.  Hopefully,  it  will  provide  a model 
for  the  calculation  of  the  pure  coating  life  from  its  com- 
position and  the  cyclic  environment. 


THERMAL-FATIGUE  TESTING  IN  FLUIDIZED  BEDS 

The  thermal-fatigue  resistances  of  various  alloys  and  coat- 
ings arc  being  detcimined  under  contract  at  the  Illinois 
Institute  of  Technology  Research  Institute,  using  the 
fliiidi/.cd-bed  technique  (24,25).  The  objectives  of  this  con- 
tinuing program  arc  (I)  to  determine  the  comparative 
resistances  of  the  latest  alloys,  coatings,  and  claddings  of 
interest  for  turbines,  and  (2)  to  provide  carefully  controlled 
data  for  development  and  evaluation  of  life-prediction 
methods. 

Figure  6(a)  is  a schematic  view  of  the  facility  and  of  a 
typical  group  of  double-wedge  specimens.  Two  beds  are 
used,  one  each  for  heating  and  cooling.  A bed  consists  of 
a retort  filled  with  fine  sand  through  which  air  is  pumped. 
The  flow  of  air  causes  the  sand  particles  to  develop  a churn- 
ing, circulating  action.  The  large  mass  of  the  beds  and  their 
mixing  action  promote  uniform,  high  heat-transfer  rates> 
making  them  ideal  for  thermal-fatigue  studies.  Fluidized 
beds  were  first  used  for  this  prupose  at  the  National  Gas 
Turbine  Establishment  in  England  in  1958.  Since  that  time 
the  technique  has  become  widely  accepted  for  evaluating 
both  materials  and  components. 

Typical  data  on  some  turbine  materials  are  shown  in  the 
bar  chart  in  Fig.  6(b).  The  most  crack  resistant  alloys  were 
cither  directionally  solidified  or  coated  or  both.  Tests  con- 
tinue on  the  best  of  these  alloys  plus  20  new  alloys  and  con- 
ditions, bringing  to  38  the  totd  number  of  systems  being 
evaluated. 

Figure  6(c)  shows  a typical  comparison  between  cal- 
culated and  observed  thermal-fatigue  lives.  The  method  of 
life  calculation  is  explained  briefly  in  the  next  section.  The 
alloy  is  B 1900,  with  and  without  an  aluminide  coating. 
Tests  of  this  type  have  verified  the  life-calculation  method 
for  simple  thermal-fatigue  tests  of  the  fluidized-bed  type. 
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Figur*  5.  Cyclic  oxiiiation  tnt  facility. 


TOWARD  A UNIFIED  LIFE-PREDICTION  METHOD 

The  materials  testing  phase  of  the  program  has  led  to 
the  conclusion  that  a life-prediction  method  for  turbine 
components  must  unify  fatigue,  creep,  and  oxidation.  The 
iirst  two  of  these  failure  modes  have  already  been  combined 
in  a computer  code  for  predicting  thermal-fatigue  life. 
Figure  7 shows  a schematic  diagram  ot  this  code  which  is 
called  THERMFl.  Calculations  start  with  a thermal  and 
stress  analysis  for  both  transient  and  steady-state  condi- 
tions, including  plasticity  and  creep.  This  is  often  the  most 
difficult  step  in  the  life  analysis  of  a complex  component. 
On  the  basis  of  this  analysis,  two  lives  are  calculated:  (I)  a 
fatigue  life,  using  the  Method  of  Universul  Slopes  and  the 
tensile  properties  of  the  material,  and  (2)  a cyclic  creep  life, 
using  the  Method  of  Life  Fractions  and  the  creep-rupture 
properties  of  the  material.  These  two  methods  were  de- 
scribed briefly  at  the  beginning  of  this  section.  The 
fatigue  and  creep  lives  are  then  combined  to  give  the 
thermal-fatigue  life,  assuming  a simple  linear  interaction 
(26,27). 


Figure  8 shows  the  progress  to  date  in  using  THERMFl 
to  calculate  the  thermal-fatigue  lives  of  coated  and  uncoated 
specimens  tested  in  fatigue  machines,  fluidized  beds,  and 
burner  rigs  (28).  Calculated  and  observed  lives  agree  within 
a factor  of  two  for  1 14  of  the  125  tests  examined  thus  far. 
The  error  is  distributed  approximately  in  a log  normal 
fashion  and  reflects  both  the  inaccuracies  in  the  calculations 
and  the  experimental  effort.  Twenty  of  these  tests  were  on 
simulated  turbine  blades  tested  in  a Mach  1 burner  rig, 
which  will  be  described  later  in  the  report.  Distribution  of 
error  in  these  tests  is  similar  to  that  in  Fig.  8 for  all  of  the 
tests. 

Only  a few  of  the  tests  analyzed  thus  far  have  included 
long  hold  times  at  elevated  temperature.  For  this  reason,  it 
has  not  been  necessary  to  include  the  oxidation  failure 
mode  directly.  However,  life  analysis  of  actual  turbine 
components  will  require  that  THERMFl  be  expanded  to 
include  this  mode,  particularly  for  coatings.  When  this  is 
done,  a unified  method  will  be  available  for  predicting 
the  lives  of  prototype  components  under  service  con- 
ditions. 


101 


Transter 

mechanism 


Insulation^ 
Heating  rodS', 
Retort - 

Ceramic 

particles- 


Cracks 


rCoolant 


Perforated  plate 


MarM  ao  PS  (directionally  solidifiedr 


iMMOPS 


IN  100  D5.  coated 


B 1900  coated 


mjt. 


JUS- 


im. 


B IWO 


IN  100,  coated 


TDNiCf 


Udimet  700.  cast 


lli2_ 


MarM  30? 


iOlL 


iL22L 


Udimet  700.  wrt. 


MarMaO 


L 


10 


100 

Cycles  to  firsi  crack 


1000 


loom 


lal  Fluidized  bed  facility  and  specimens. 


10000 


O 

C 


Open  symbols  denote  uncoated 
specimens 

Solid  symbols  denote  coated 
specimens 


lb)  Comparative  thermal  fatigue  resistance  of  typical  turbine  materials. 
Bed  temperatures,  3S®  and  1090®  C;  6-minufe  cycle. 

Edge  radius, 
mm 

0.6 

1.0  tscaied  to  0. 6) 

Theory 


Cycle  time,  min 


Id  Theoretical  and  enperimental  thermal  fatigue  lives  for 
6 1900.  Bed  temperatures,  and  1090®  C. 

FiSiur*  6.  Tharmal  fatigu*  testing  using  the  fluidiz«J-b*d  tochniqut. 


PHASE  II:  EVALUATION  OF  PREDICTION  METHODS 
THROUGH  BURNER  RIG  STUDIES 

OPEN-JET  BURNER  RIGS 

Open-jet  burner  rigs,  which  burn  jet  fuel  or  natural  gas, 
arc  the  simplest  facilities  that  can  provide  the  combustion 
environment,  gas  velocities,  and  thermal  gradients  similar 
to  those  encountered  in  actual  engines.  Because  the 
specimens  arc  not  enclosed,  their  temperature  distributions 
can  be  readily  observed  and  strain'  ,an  often  be  measured 
optically.  The  specimens  can  be  moved  out  of  the  burner 
exhaust  for  cooling,  which  allows  the  burner  to  operate  at 
steady  state,  prolonging  its  life. 


Two  types  of  open-jet  rigs  arc  in  operation  at  Lewis: 
large  Mach  I burners  with  mass  flows  of  O.S  kilogram  per 
second  and  small  burners  with  mass  flows  less  than  0.07 
kilogram  per  second.  Three  large  and  nine  small  burner 
rigs  arc  presently  available.  One  of  the  large  rigs  uses  natural 
gas;  all  the  remaining  rigs  use  jet  fuel. 

A large  Mach  1 burner  rig  is  shown  in  Fig.  9 (29).  A 
rotating  specimen  holder  supports  eight  wedge  specimens 
in  front  of  the  burner  nozzle,  inside  clam-shell  radiation 
shields.  For  cooling,  the  specimen  holder  moves  downward, 
positioning  the  specimens  in  front  of  the  sonic  cooling  air 
stream.  The  three  Lewis  rigs  of  this  type  arc  used  for  studies 
on  oxidation,  coating,  cladding,  and  thermal  fatigue.  Two 
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Figura  7.  Schamatic  diagram  of  THERMF1,  a 
computar  coda  for  calculating  tharmal  fatigue 
life. 


114  o(|?5  tests 


Figure  8.  Prograti  in  calculating  life  of  tharmal  fatigue  tpacimam 
iMing  THERMF1. 


iW  Wrejf  jcrtirims  in  MiJrf. 


Figure  9,  High-velocity  open-jet  burner  rig  for  oxidation  and  thermal 
fatigue  ftudiaf . 

of  the  rigs  have  previsions  for  salt  injection  for  sulfidation 
studies. 

Oxidation  fesrs-Tests  have  shown  that  bare  alloy  oxida- 
tion and  coating  degradation  occur  at  significantly  higher 
rates  in  the  Mach  1 rigs  than  in  cyclic  oxidation  furnaces 
^23,29-31).  For  example,  Fig.  10  presents  a comparison  of 
the  weight  changes  in  aluminide  coated  B 1900  under  the 
two  test  conditions.  At  1090''C,  cyclic  furnace  specimens 
showed  a small  weiglit  gain  followed  by  a very  gradual  weight 
loss,  llie  rig  tests,  however,  produced  an  immediate,  rapid 
weight  loss.  Coating  consumption  rates  have  been  found  to 
be  10  to  20  times  higher  in  the  burner  rig.  However,  the 
same  sequence  of  growth,  consumption,  and  break  up  has 
been  observed.  This  is  discussed  further  in  the  appendix. 

Creeo-mpture  f«/s-Burner  heating  nas  been  found  to 
increase  creep  as  well  as  oxidation  rates  and  reduce  rupture 
times  (32).  Figure  11(a)  shows  one  of  the  Lewis  burner 
rigs  for  creep-rupture  testing.  It  is  a conventional 
lever-loaded  creep  machine  fitted  with  a small  (0.07 
kg/sec)  jet-fueled  burner.  Specimens  arc  conventional 
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Figur*  10.  Waight  ehanga  of  B 1900  (fMcimom  during  cyclic  burner- 
rig  oxidation  comparad  with  cyclic  furnace  behavior.  Minimum 
tamparatura.  20*^;  1 cycle  par  hour. 

6-niiliinieter-dianicter,  uniaxial  test  bars.  The  small  size  of 
the  burner  requires  that  auxiliary  electrical  resistance  heating 
be  used  to  keep  the  test  section  at  a uniform  temperature. 
The  power  leads  can  be  seen  in  Fig.  11(b).  A similar  rig 
using  a large  Mach  1 burner  does  not  require  the  auxiliary 
heating. 

Comparison  of  rupture  lives  in  a burner  rig  and  in  a 
furnace  is  sliown  In  Fig.  1 1(c).  Burner  heating  has  drastically 
reduced  the  rupture  times  for  the  same  stress  and  tempera- 
ture combinations.  At  980°C  the  burner  heated  life  ■ only 
10  percent  of  the  furnace  life  for  two  turbine  alloys,  one  of 
which  was  aluminide  coated.  At  1040°C  only  5 percent  of 
the  furnace  life  was  obtained.  Tliese  data  suggest  that  creep 
rates  are  10  to  20  times  higher  tiian  those  in  the  furnace 
tests,  increases  very  similar  to  those  observed  for  oxidation. 
The  two  phenomena  are  closely  related,  and  studies  are 
under  way  to  determine  the  relationship. 

As  explained  previously,  the  Metliod  of  Life  Fractions 
has  been  used  to  calculate  cyclic  creep  life.  One  part  of  this 
method  is  the  calculation  of  creep-rupture  life  as  a function 
of  temperature  and  stress.  This  is  usually  done  by  means 
of  empirical  formulas  called  time-temperature  parameters. 
When  calculating  the  creep  Ufe  of  a component  in  a moving 
gas  environment,  these  parameters  should  be  corrected  in 
accordance  with  data  similar  to  that  given  in  Fig.  11(c). 
When  this  is  done,  cyclic  creep  life  in  a turbine  environ- 
ment can  be  accurately  calculated  using  the  Method  of 
Life  Fractions. 

Thermal-fatigue  'ests-Simulated  turbine  blades,  both 
cooled  and  uncooled,  are  being  tested  in  a burner  rig  to 
evaluate  life-prediction  methods  for  turbine  components 
(32).  The  test  facility  is  shown  in  Fig.  12(a).  A loading 
fixture  has  been  added  to  a large  burner  (of  the  type  shown 
in  Fig.  9(a))  to  allow  the  application  of  simulated  centrifugal 
loads.  The  entire  loading  fixture  pivots  to  move  the  airfoil 


specimen  between  heating  and  cooling  positions.  Cyclic 
heating  and  cooling  in  this  rig  produce  high  thermal  stresses 
and  leading-edge  cracks  similar  to  those  found  in  turbine 
components. 

Specimen  shape  and  typical  data  arc  shown  in  Fig.  1 2(b). 
Cyclic  life  is  shown  as  a function  of  the  leading-edge  tem- 
perature at  steady  state  for  coated  and  uncoated  IN  100. 
Tlieorctical  lives,  calculated  using  THHKMFl  are  also  shown 
in  the  figure.  Agreement  between  experiments  and  theory 
is  good.  Hie  agreement  verifies  the  computer  code  and  its 
applicability  to  turbine  components.  Studies  arc  now  being 
carried  out  to  include  stress  concentrations  such  as  film 
cooling  holes. 


HOT  GAS  TUNNEL 

liigli  gas  pressure  is  one  aspect  of  tlic  turbine  environ- 
ment that  is  lacking  in  the  open-jet  burner  tests.  To  include 
this  facto,,  a fully  automated,  programmable,  hot-gas  tun- 
nel rig  has  been  constructed  for  tliin-walled,  cooled  airfoils 
(2).  Both  the  specimens  and  the  environment  represent  a 
turbine  component  more  closely  than  those  in  the  open-jet 
rigs.  Pressure  levels  can  be  raised  to  1 1 atmospheres-an 
important  factor  in  sulfidation  studies.  The  mass  flow  rate 
is  approximately  1.0  to  2.2  kilograms  per  second,  which 
produces  realistic  heat  fluxes  through  the  airfoil  walls.  Fig. 
13(a)  presents  a Sjchem-tlie  view  of  this  rig.  Fig.  13(b)  shows 
a typical  cooled,  symmetrical  airfoil  specimen  in  tlie  test 
section.  The  tunnel  is  equipped  with  a fatigue  machine 
capable  of  applying  steady  loads  of  130  kilonewlons  and 
cyclic  loads  of  ±44  kilonewlons  at  frequencies  up  to  60 
hertz.  The  combustor  exhaust  gases  can  be  cycled  in  tem- 
perature from  540*0  lo  ashigli  as  1650*C.  Cooling  air  can 
be  heated  to  650*C  to  simulate  a compressor  bleed  condi- 
tion. 

Life  tests  are  now  being  conductc,!  on  aluminide  coated 
IN  100  airfoil  specimens  under  various  conditions  of  tem- 
perature, load,  coolant  flow,  and  hold  time.  These  data  will 
be  used  for  the  final  evaluation  of  a unified  lif:-prediction 
method  before  using  the  method  to  calculate  the  lives  of 
prototype  turbine  components. 


PHASE  III:  APPLICATION  OF  PREDICTION  METHODS 
TO  TURBINE  COMPONENTS 

HIGH  TEMPERATURE  TURBINE 
TECHNOLOGY  PROJECT 

The  third  phase  of  the  program  is  predicting  the  lives  of 
prototype  components  tested  in  advanced  rigs  and  engines. 
This  phase  is  one  part  of  a major  research  program  at  NASA- 
Lewis-llie  Higli-Temperature  Turbine  Technology  Project. 
The  objective  of  this  project  is  to  develop  advanced  gas  tur- 
bines with  increased  performance  and  reliability,  compared 
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(Cl  Typical  data  showing  el(«l  ol  burner  heat- 
ing OP  creep-ruplo.e  lile. 

Figiiro  1 1.  Crmp-rupture  totting  using  burntr  rig. 

with  the  best  of  present-day  turbines.  The  project  includes  re-  cruise  turbojets,  to  very  small  turbines  with  a flow  capacity 

search  on  cooled  turbine  heat  transfer,  aerodynamics,  and  of  only  0.5  to  I kilogram  per  second,  which  could  be  used 

life.  Other  technical  areas  involved  arc  mission  analysis,  on  small  aircraft.  Intermediate  sized  turbines  under  inves- 

matcrials  and  fabrication,  mechanical  design,  rig  and  ligation  include  those  applicable  to  high-pressure  cores  of 

engine  operations,  instrumentation  development,  and  data  engines  for  military  multimission  aircraft  and  advanced  sub- 

reduc'  n.  sonic  cruise  commercial  transports.  Turbines  for  helicopter 

The  irbines  under  investigation  range  in  size  from  rela-  engines  of  about  1500  shaft  horsepower  arc  also  included 
lively  large  ones,  which  would  be  applicable  to  supersonic  in  the  project. 
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(a)  General  view  of  ng. 


Ibl  Theoretical  and  experimental  thermal  la- 
ti9ue  lives  tor  IN  100  airfoil  specimens. 

Heating  time,  3 minutes:  rapid  air  cooling 
to  73®  C. 

Figure  12,  Thermal  fatigue  testing  of  simulated  turLina  biades 
using  high-velocity  btirrsar  rig. 


In  the  third  phase  of  the  program,  lives  will  be  predicted 
for  turbine  components  tested  in  four  facilities:  a static 
cascade  rig,  a modined  J75  research  engine,  a higli-prcssure  - 
higli-temperature  turbine  rig,  and  tl-.e  Lewis  propulsion  sys- 
tems laboratory. 

STATIC  CASCADE  RIG 

A static  cascade  rig  originally  designed  for  iieat-transfer 
studies  (1,2,33)  is  being  modified  for  a vane  life  testing 
program.  Tin's  program  will  provide  the  first  comparison  at 
Lewis  between  predicted  and  observed  lives  of  actual  cooled 
engine  components.  The  cascade  rig  is  shown  in  Fig.  14. 
It  was  designed  for  continuous  operation  at  an  average  inlet 
gas  temperature  of  and  pressures  up  to  1 1 atmos- 

pheres. It  can  be  operated  at  temperatures  up  to  1650°C 
for  short  times. 

As  shown  in  Fig.  14(b).  the  specimen  pack  contains  four 
vanes  of  J75  size.  Test  data  are  obtained  f ont  the  central 
two  vanes.  The  outer  two  vanes  ate  slave  vanes,  which  act 
as  flow  channels  and  radiation  shields.  Tlie  test  and  slave 
vanes  have  separate  cooling  air  systems.  Tliis  allows  pre- 
heating of  the  lest  vane  cooling  air  to  about  650°C  to  simu- 
late compressor  bleed  air.  Tltc  two  slave  vanes  can  also  re- 
ceive more  cooling  titan  the  test  vanes,  to  ensure  longer  life. 

MODIFIED  J75  RESEARCH  ENGINE 

Life  studies  on  actual  blades  and  vanes  will  be  conducted 
in  the  research  engine  shown  in  Fig.  15(a)  (1,2,33).  Only 
the  higli-prcssure  spool  of  the  basic  J75  engine  is  used.  This 
modified  e/igine  can  operate  for  long  periods  of  ticie  at  an 
average  turbine  inlet  temperature  of  1350°C.  A cross- 
sectional  diagram  of  the  turbine  test  section  is  jlr  wr.  in 
Fig.  15(b).  The  standard  uncooled  single-stage  tu  ime  of 
the  J75  high-pressure  spool  has  been  replaced  with  a single- 
stage  air-cooled  turbine.  Five  of  the  72  vanes  and  five  of 
the  76  blades  are  test  components.  The  remaining  blades 
and  vanes  are  slave  components  provided  with  more  cooling 
than  the  10  test  parts  to  ensure  longer  life.  Several  special 
features  are  incorporated  in  the  turbine  section  to 
make  a versatile  test  bed.  These  features  include  the 
following: 

1.  Independent  metering  of  cooling  air  to  the  test  and 
slave  components  from  either  the  compressor  or  from 
an  external  air  supply, 

2.  Individual  replacement  of  all  airfoils  without  removing 
the  turbine  disk, 

3.  Exteasive  instrumentation  for  gas  temperatures,  gas 
pressures,  and  metal  temperatures  on  both  blades  and 
vanes. 

Up  to  this  time,  the  engine  has  been  used  exclusively  for 
turbine  cooling  studies.  A program  of  life  tests  in  this  engine 
is  now  in  its  early  stages.  One  of  the  goals  of  this  program 
is  to  develop  improved  vanes  and  blades  using  life  predic- 
tion methods  verified  by  rig  tests. 
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Figure  14.  Static  cascade  rig  for  testir>g  cooled  turbine  vanes. 


HIGH-PRESSURE  • HIGH-TEMPERATURE 
TURBINE  TEST  RIG 

The  NASA-Lewis  Research  Center  is  now  designing  and 
building  an  advanced  turbine  test  rig  tliat  will  operate  at  the 
iiigh  temperatures  and  pressures  expected  in  future  engines 
(2).  In  the  turbine  t st  section  of  this  facility,  gas  tempera- 
tures may  reach  2000‘’C,  and  pressures  may  be  as  high  as  40 
atmospheres.  Tlie  facility  will  consist  of  a combustor,  a 
single-stage  turbine,  a water  brake  power  absorber,  an 
auxiliary  compressor  system  with  integral  turbine  drives, 
and  the  required  service,  control,  and  instrument  systems. 
The  turbine  will  have  a tip  diameter  of  approximately  SO 
centimeters,  a blade  span  and  chord  of  about  4 centimeters, 
and  a shaft  speed  of  1 7,600  rpin.  Tire  combustor,  turbine 
disk,  blades,  and  vanes  will  all  be  replaceable  in  the  facility. 


PROPULSION  SYSTEMS  LABORATORY 

Performance  testing  of  engines  and  components  will 
be  conducted  in  the  propulsion  systems  laboratory  shown 
in  Fig.  16.  Here  large  commercial  and  military  engines 
can  be  operated  under  simulated  altitude,  speed,  and 


temperature  conditions.  New  designs  to  increase  perform- 
ance, minimize  noise,  and  reduce  pollution  will  be  evaluated. 
Life  predictions  will  be  made  for  critical  components  to 
improve  the  reliability  of  these  test  engines. 


CONCLUDING  REMARKS 

This  report  has  reviewed  the  turbine  component  life- 
prediction  program  at  the  NASA-Lewis  Research  Center. 
Tilt  program  is  composed  of  a v/ide  variety  of  on-going 
studies  covering  many  aspects  of  materials  research,  environ- 
mental testing,  and  component  development.  It  is  divided 
into  three  general  phases  in  various  stages  of  completion. 

Much  progress  has  been  made  in  the  first  phase;  The 
development  of  life-prediction  methods  through  materials 
studies.  The  basic  modes  of  failure  such  as  fatigue,  creep, 
and  oxidation  are  sufficiently  well  understood  at  this  time 
to  be  described  quantitatively.  Computer  codes  are  being 
written  to  include  these  failure  modes  in  a unified  manner. 

A limited  amount  of  progress  has  been  achieved  in  the 
second  phase  of  the  program:  the  evaluation  of  prediction 
methods  through  combustion  rig  studies.  Material  proper- 
ties are  being  measured  in  high-velocity  gas  atmospheres,  and 
simulated  turbine  components  are  being  tested  in  thermal 
fatigue. 

The  third  phase  of  the  program  is  now  in  the  planning 
stage:  the  application  of  a unified  life-prediction  method 
to  prototype  turbine  components  in  rigs  and  engines.  This 
is  the  area  where  increased  effort  would  be  of  greatest 
benefit.  To  be  successful,  this  phase  must  Involve  program 
planners  and  specialists  alike  in  mission  analysis,  materials, 
component  design,  fabrication,  test  operations,  maintenance, 
and  repair. 
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Appendix 

MECHANISMS  OF  COATING  FAILURE 


It  has  been  observed  tliat  coating  failures  are  usually  pre- 
ceded by  a certain  se(|uence  of  changes  in  composition 
and  structure  (22,23).  Figure  17  sliows  typical  changes  in 
the  microstructure  of  a coated  turbine  alloy,  caused  by 
cyclic  oxidation.  Tlie  system  shown  in  the  figure  is  an 
aluminide  coating  deposited  on  a B 1900  substrate  (a  typical 
cast  nickel-base  alloy).  As  shown  in  Fig.  1 7(a),  the  coating 
actually  consists  of  four  distinct  layers  between  the  surface 
oxide  and  the  B 1900  substrate.  It  has  been  determined 
that  oxidation  protection  in  this  coating  is  obtained  pri- 
marily from  layer  II,  composed  of  nickel-monoaluminide, 
NiAl.  If  the  NiAl  layer  is  broken,  rapid  oxidation  of  the 
substrate  begins.  Thus,  the  thickness  and  integrity  of  the 


Figure  17.  Changes  in  coating  microstructure  during  cyclic  furnace 
oxdation.  Temperature,  1090°C;  slow  cooled  hourly  to  50°C. 
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NiAl  layer  is  critical  to  the  oxidation  resistance  of  coated 
turbine  components. 

Two  simultaneous  processes  combine  to  change  the 
thickness  of  the  NiAl  layer:  (I)  a growth  process  that 
thickens  the  laycrat  the  Il/Ill  interface,  through  inward  dif- 
fusion of  aluminum  and  outward  diffusion  of  nickel  and 
(2)  a consumption  process  that  thins  the  layer  at  the  l/II  | 

interface,  through  oxidation  and  depletion.  | 

The  growth  process  is  generally  dominant  ii  'he  early  j 

stages  of  exposure  to  higli  temperature.  In  Hg.  17(a),  j 

after  100  1-hour  cycles  at  1090**C,  the  NiAl  layer  is  ap-  | 

prox'matcly  50  percent  thicker  than  it  was  at  the  start  of 
testing.  The  consumption  process  then  becomes  dominant.  ' 

In  Fig.  17(b),  layer  11  has  become  much  thinner  after  400 
I-hour  cycles.  Finally,  after  additional  exposure,  the  NiAl 
layer  breaks  up  (sec  Fig.  1 7(c)),  opening  paths  for  the  oxida- 
tion of  the  substrate.  Tills  layer  breakup  can  be  considered 
to  be  the  start  of  a coating  failure,  as  proposed  by  Grisaffc 
(31). 

The  processes  of  growth  and  consumption  leading  to 
breakup  are  shown  graphically  in  Fig.  18  for  aluminide 
coated  B 1900.  Starting  from  an  initial  thickness  of  43 
micrometers,  the  layer  grows  to  a peak  thickness  that  is 
strongly  dependent  on  the  exposure  temperature.  The 
higlicr  the  temperature,  the  smaller  the  net  amount  of 
growth  above  the  initial  thickness.  After  reaching  its  peak 
thickness,  the  NiAl  layer  becomes  thinner  at  a rate  that  is 
assumed  to  be  constant  for  a constant  temperature.  The 
consumption  rates  shown  in  the  figure  were  calculated  using 
the  Arrhenius  equation: 


Exposure  time,  hr 


Figure  18.  Growth,  consumption,  and  breakup  of  nickel  mono- 
aluminide  (NiAl)  layer  during  cyclic  furnace  oxidation.  Substrata, 
B 1900;  slow  cooled  hourly  to  50°C. 
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where 

li  thickness  of  NiAl  layer,  /ini 

t exposure  time,  hr 

A curve-fit  constant, /iin/!ir 

Q activation  energy,  J/nioIe 

R universal  gas  constant,  J/niolc-K 

T exposure  temperature,  K 

hi,  thickness  below’  which  breakup  occurs,  approxi- 
mately 30  /till 

//,„ax  peak  layer  thickness,  /tin 


Tlie  activation  ciurgy  Q was  foiincl  to  be  approximately 
equal  to  that  for  the  diffusion  of  nickel  in  NiAl. 

The  indicated  breakup  thickness  of  30  micrometers  is  a 
preliminary  value  measured  for  NiAl.  C'ltc  breakup  occurs, 
consumption  of  the  broken  layer  continue  - at  an  increasing 
rate,  as  is  indicated  by  the  dashed  lines  in  Tig.  17.  Similar 
thickness  data  have  been  rejiortcd  for  aluminidc  coated 
WI-52,  a cobalt-base  alloy  (22). 

The  concept  of  layer  breakup  is  an  attempt  to  quantita- 
tively describe  the  processes  shown  in  Fig.  17  and  18.  With 
this  concept  the  pure  coating  life  could  be  calculated  from 
its  composition  and  a knowledge  of  the  growth  rates,  con- 
sumption rates,  and  minimum  unbroken  layer  thickness. 

The  same  sequence  of  structural  changes  has  been 

served  in  burner  rig  specimens,  but  at  much  higlicr  rates. 
Similarities  can  be  seen  between  the  microstructures  of  a 
typical  wedge-shaped  spK’cimen  (Fig.  19)  and  a typical  fur- 
nace specimen  (Fig.  1 7)  of  the  same  alloy  and  coating.  Fig- 
ure 19  shows  a NiAl  layer  that  has  grown  in  thickness  after 
100  I -hour  cycles  on  the  side  of  the  wedge  specimen  in  a 
lower  temperature  region.  However,  in  a hotter  region  near 
the  leading  edge  (Fig.  19(b)),  the  layer  has  become  thinner 
and  broken.  On  the  leading  edge  itself,  in  the  area  of  sever- 
est spalling,  the  protective  NiAl  layer  has  been  completely 
consumed.  Similar  comparisons  have  been  made  between 
rig  and  furnace  tests  of  aluminidc  coated  WI-52  (22).  How- 
ever, the  differences  in  rates  were  not  as  great  as  toi  the 
aluminidc  coated  B 1900.  It  can  be  concluded,  then,  that 
the  concept  of  layer  breakup  miglit  also  be  used  to  predict 
coating  life  in  a Mach  I gas  stream  using  increased  rate 
constants. 
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Figure  19.  Chenges  in  coating  microttructurc  during  cyclic  burner- 
rig  oxidation.  Maximum  tamperature,  1090°C;  100  1-hour  cyclai; 
aluminide  c^ing  on  B 1900  subatrate. 
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Discussion: 


LIFE  PREDICTIONS  OF  TURBINE  COMPONENTS: 
ON-GOING  STUDIES  AT  THE  NASA-LEWIS  RESEARCH  CENTER 


Dr.  Murray  Kaufman 
General  Electric 
Lynn,  Massachusetts 


The  work  described  is  essential  to  permit  more  accurate  life  prediction  for  gas  turbine  blades  and  vanes.  The  use 
of  the  higli  pressure  hot-gas  tunnel  rig,  the  static  cascade  rig  and  the  research  engine  as  test  vehicles  to  aid  in  verifica- 
tion of  prediction  methods  is  extremely  valuable  and  probably  unique.  Since  the  paper  is  only  a review  of  the  types 
of  programs  in  progress,  and  not  a detailed  technical  study,  it  is  difficult  to  offer  specific  suggestions.  However,  a few 
comments  can  be  made  that  may  help  in  guidance  or  evaluation  of  the  programs. 

1 . The  Method  of  Universal  Slopes  used  to  calculate  cyclic  life  includes  tensile  properties  (ductility  and  strength) 
among  its  parameters,  yet  many  nickel-base  alloys  are  subject  to  great  changes  in  these  properties  as  a function  of 
exposure  to  elevated  temperature.  They  may  lose  or  gain  in  properties  depending  on  the  exposure  conditions  and 
the  test  tenrperatures.  Tlie  Method  must  be  able  to  cover  such  changes. 

2.  The  Method  of  Life  Fractions  for  calculation  of  creep-rupture  cyclic  life  is  in  common  use.  Careful  cyclic 
rupture  tests  on  various  alloys  have  shown  that  this  rule  is  not  sufficiently  accurate  for  direct  application.  Depending 
on  the  exact  sequence  of  temperature-load  conditions  and  on  the  alloy  itself,  life  percentages  of  well  under  or  over 
100%  have  been  found  reproducibly.  Any  use  of  the  Life  Fraction  method  should  be  based  on  the  proper  fraction 
for  the  alloy  and  mission. 

3.  Oxidation  (and  hot  corrosion)  testing  is  often  reported  in  terms  of  weiglit  gain.  However,  for  practical  use 
where  mechanical  properties  are  important,  the  depth  of  attack  (localized  or  general)  is  the  major  factor  determining 
the  effective  load  carrying  capacity  remaining  and  should  be  measured  and  reported. 

4.  Thermal  fatigue  is  a critical  design  parameter,  and  a reliable  calculation  method  would  be  extremely  desirable. 
The  simple  linear  combination  of  the  Universal  Slopes  + Life  Fractions  docs  not  seem  sufficiently  accurate,  with 
a range  of  9: 1 in  prcdictedractual  life  among  the  results  shown.  Perhaps  the  corrections  suggested  in  1 and  2 above 
can  help  make  the  agreement  closer.  Actual  engine  thermal  fatigue  conditions  are  more  complex  than  the  disc-type 
test,  and  the  use  of  the  more  advanced  rigs  will  be  very  helpful  in  extending  the  prediction  methods.  Inclusion  of 
oxidation/corrosion  effects  into  these  calculations  is  desirable,  but  will  be  difficult.  Oxidation  at  the  tip  of  a crack 
(or  even  an  incipient  crack)  is  more  rapid  than  on  a stress-free  surface,  and  initiation  and  progression  of  a thermal 
fatigue  crack  is  easier  at  an  oxide:  these  interactions  should  be  considered. 

5.  The  apparent  great  loss  of  creep-rupture  life  in  a burner  rig  atmosphere  is  quite  surprising.  Over  ten-to-one 
losses  (even  when  coated)  were  sustained.  Engine  experience  does  not  indicate  effects  of  such  magnitude.  One  of 
tlie  aspects  of  the  testing  that  may  contribute  to  the  loss  is  the  use  of  a constant  load.  As  oxidation  decreases  the 
effective  cross  section  of  the  specimen,  the  true  stress  increases.  A small  stress  increase  represents  a large  life 
decrease.  For  coated  material,  exposure  during  test  causes  base  metal-coating  interdiffusion,  and  the  additional 
phases  found  below  the  original  boundary  may  be  detrimental  to  creep  resistance.  Some  good  explanations  should 
be  made  for  this  loss. 

6.  The  concepts  used  to  describe  aluminide  coating  life  are  very  good.  Several  different  coating/alioy  combina- 
tions should  be  investigated,  since  there  is  a variety  of  coating  microstructures  that  arc  produced  in  the  different 
processes.  The  variation  in  structures  may  have  some  effect  on  diffusion  and  life.  It  can  be  noted  that  the  use  of 
diffusion  constants  to  determine  NiAl  deterioration  to  Ni3AI  are  more  appropriate  to  calculate  corrosion  life  than 
for  oxidation  life.  In  a corrosive  environment,  any  break  in  the  NiAI  layer,  as  by  conversion  at  the  grain  boundary 
to  Ni3Al,  may  result  in  rapid  attack  at  that  point.  However,  the  NiAl  would  still  have  a long  life  remaining  in  an 
oxidizing  environment. 
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Marine  Turbine  Corrosion, 

Rig  Evaluation  and  Engine  Experience 


K.  Page  and  R.  J.  Taylor 

Rolls-Royce  Limited,  Jndiistrul  and  Marine  Division 
Ansty,  Nr.  Coventry 


1.  INTRODUCTION 

Tlie  first  Rolls-Royce  aero  derived  gas  turbine  entered 
marine  operational  service  in  1958.  This  was  a Proteus 
engine  installed  in  a Brave  class  patrol  boat.  However,  our 
first  marine  e.xpericnce  dates  from  1953  when  HMS  Grey 
Goose  was  commissioned  with  experimental  RM  60  engines. 
Since  1958  a total  of  over  350,000  operational  hours  have 
been  accumulated  at  sea  with  a total  of  300  engines  of  four 
different  types. 

Tlie  purpose  of  this  paper  is  to  review  some  of  this  expe- 
rience relevant  to  the  performance  of  critical  turbine  and 
stator  blade  materials  and  coatings,  and  to  outline  our  cur- 
rent programmes  and  philosophy  for  the  selection  of  new 
materials  for  uprated  versions  of  the  engines  and  also  to  ex- 
tend the  lives  at  current  ratings. 

It  should  be  noted  that  this  paper  is  a broad  engineering 
presentation  of  the  information,  rather  than  a detailed 
metallurgical  discussion  of  the  materials  and  coating  tech- 
nology or  mechanisms  of  corrosion. 

2.  SUMMARY  OF  OPERATING  EXPERIENCE 

Table  I summarises  the  applications  and  operational  e.x- 
pericnce  for  the  four  types  of  engines  currently  on  marine 
use. 

One  half  of  the  running  time  at  sea  has  been  accumulated 
on  hovercraft  with  two  types  of  engine,  Proteus  and  Gnome. 
The  operating  environment  for  Hovercraft  is  particularly 
severe  due  to  higli  levels  of  sea  spray  generated  during  par- 
ticular modes  of  operation. 

In  addition  to  engine  cx|>ericncc  at  sea,  a large  number 
of  operating  hours  have  been  accumulated  in  industrial  ap- 
plications, primarily  electrical  generation,  and  where  the 
environment  is  either  close  to  the  sea,  the  atmosphere  is 
polluted  with  sulphurous  compounds,  or  there  have  been 
high  levels  of  salts  present  in  the  fuel. 

This  has  resulted  in  limitations  on  turbine  life  due  to  cor- 
rosion to  a greater  or  lesser  degree  dependent  on  severity  of 
environment. 

It  is  most  difficult  to  be  specific  in  trying  to  correlate 
experience  on  corrosion  obtained  with  the  above  factors. 


but  typically  the  Industrial  Avon  H.P.  blade  life  can  be  re- 
duced from  around  4000  hours  with  little  corrosion  on  a 
“good”  site  to  1000-1 500  hours  with  severe  corrosion  where 
the  above  factors  arc  present. 


3.  CURRENT  BLADE  MATERIALS  AND  COATINGS 

3.1  ROTOR  BLADE  MATERIAL 

At  the  time  when  aero  service  engines  were  first  adapted 
for  marine  and  industrial  applications,  the  rotor  blade  mate- 
rial most  widely  in  use  by  Rolls-Royce  was  N 105.  This 
material  was  retained  for  the  marine  applications  with  the 
en^ne  rating  adjusted  conservatively  to  provide  several 
tliousands  of  hours  predicted  creep  life  and  with  due  recog- 
nition of  our  knowledge  on  sulphidation  at  elevated  tem- 
peratures. It  was  perhaps  fortuitous  that  the  bulk  of  our 
aero  blade  experience  was,  at  that  stage  with  this  higlicr 
chrome  content  material  which  provides  reasonable  basic 
corrosion  resistance  in  the  marine  environment.  Whilst  we 
continued  to  build  up  our  marine  experience,  the  aero  side 
in  recent  years  have  moved  towards  the  more  advanced  higli 
strength  casting  alloys  with  low  chrome  content,  and  a 
penalty  in  sulphidation  resistance.  As  a result  of  this  we 
could  for  the  future  no  longer  rely  directly  on  the  aero 
programmes  for  new  corro.'ion  resistant  blade  materials. 


3.2  BLADE  COATING 

Pack  aluminising  is  applied  as  the  standard  coating  for 
blades  in  the  critical  positions  to  thickness  limits  of 
.0007"-.00l5". 


3.3  NOZZLE  MATERIALS  AND  COATINGS 

Current  material  for  the  nozzle  guide  vanes  is  X 40 
which  at  an  early  stage  replaced  the  then  standard  aero 
materials  such  as  Nimocast  90  and  C 242.  Again  pack 
aluminising  is  applied  as  the  standard  coating  for  all 
applications. 
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Table  I 

Sutnnury  of  Operating  Experience 


Engine 

Application 

No.  of  Engines 
Installed  Service 

Max.  Turbine 
Entry  Temp.  °K 

Corresponding 
Max.  Blade 
Temp.  °C 

Operational  Hours 
at  Sea 

Olympus 
24500  Blip 

Frigates 

Destroyers 

Corvettes 

20 

1165 

830-850 
(1 530-1 560°F) 

10,000 

Proteus 
4250  Blip 

Fast  Patrol  Boats 
Gunboats 
Torpedo  Boats 
Hydrofoils 
Hovercraft 

107 

1145 

820(1 5 10°F) 

217,000 

Tyne 

4250  BHP 

Frigates 

Destroyers 

Hydrofoils 

5 

1170 

825(1520“F) 

1,685 

Gnome 
lO.'^O  BHP 

Hovercraft 

49 

1100 

750-800 
(1 380-1  SBO^F) 

123,000 

4.  CORROSION  OF  BLADES  IN  SERVICE 

In  section  2 a summary  of  our  background  experience  is 
given  in  terms  of  engine  hours.  Some  results  from  this  back- 
ground arc  worth  illustrating. 

Figure  1,  Proteus  Enginc-H.P.  blades  in  X 40  and  N 105 
pack  aluminised,  1000  hours  shore  trials,  max,  turbine 
entry  temp.  1 180°K. 

Figure  2,  Proteus  Engine  -H.P.  blades  in  X 40  and  N 105 
pack  aluminised,  1500  hours  Hovercraft  operation,  max. 
turbine  entry  temp.  1 145'*K. 

Figure  3,  Proteus  Enginc-  H.P.  blades  in  G 64,  2000 
hours  industrial  operation  in  salt  environment,  max. 
turbine  entry  temp,  1 145°K. 

Figure  4,  Proteus  Enginc-H.P.  nozzles  in  X 40  with  and 
without  pack  aluminiaing,  1500  hours  Hovercraft  operation, 
•nax,  turbine  entry  temp.  1 145°K. 

rigure  5,  Proteus  Engine-Comparison  of  “marine”  and 
“industrial”  corrosion  on  H.P.  turbine  blading,  1500 
hours. 

Figure  6,  Industrial  Avon-Corrosion  at  1900  hours  on 
N 115  H.P.  blade,  pack  aluminised  with  high  levels  of 
salt  in  fuel,  max.  operating  turbine  entry  temp.  IHO^K. 

Figure  7,  Proteus  Engine-H.P.  blade  N 105  corroded  re- 
mote from  max.  temperature  profile  on  blade  aerofoil, 
industrial  operation. 

Figure  8,  Olympus  Engine-Maiine  shore  trials  at  1225®K 
turbine  entry  temperature.  Corrosion  at  1000  hours,  with 
comparison  between  thin  and  thick  pack  aluminising 
(.0007"  to  ,0015")  respectively.  Material  N 115, 


Figure  9,  Proteus  Engine-Further  evidence  of  effect  of 
pack  aluminising  layer  thickness  on  Proteus  engine  Hover- 
craft application,  1500  hours,  1145"K. 

The  inspection  of  corroded  components,  of  which  the 
above  are  representative,  and  correlation  with  the  relevant 
field  environment  as  far  as  this  is  possible  permits  some 
broad  conclusions  to  be  made. 

• Surprise  at  the  relative  good  performance  of  G 64  in 
the  Proteus,  related  to  its  lower  chrome  content  (ref.  Fig.  3). 

• There  is  obvious  benefit  in  carrying  the  maximum 
thickness  pack  aluminising  coating,  as  illustrated  on  the 
Olympus  and  Proteus  blading,  provided  it  is  effectively 
diffused  to  ensure  coating  cracking  does  not  occur  reducing 
the  overall  life  of  the  blade  in  fatigue  (ref.  Figs.  8,  9). 

• In  general  the  wart -like  corrosion  associated  with 
fiuxing  on  the  blade  (650°C  approx.),  is  more  typical  of 
worst  industrial  operations  where  a high  level  of  atmos- 
pheric pollution  and  suspected  fuel  contamination  is 
present  (ref.  Figs.  5,  6,  7).  It  is  interesting  to  note  that 
ntuch  higher  levels  of  corrosion  on  the  l.P.  and  LJ.  stages, 
which  arc  run  at  lower  temperature,  have  occurred  specifi- 
cally on  the  Avon  engine  associated  with  a polluted  atmos- 
phere. We  believe  this  may  be  the  result  of  a generally  more 
aggressive  condition  resulting  in  oxidation  at  temperatures 
below  the  sulphidation  threshold  (approx.  700'’C). 

• Local  higli  concentrations  of  salt  passing  through  to 
the  turbine  can  be  deleterious  to  life.  This  may  be  caused 
by  breakdown  of  air  intake  filters  in  higli  humidity  condi- 
tions or  fired  washing  of  marine  engines  at  infrequent  in- 
tervals. On  the  Proteus  .engine  we  have  demonstrated  in 
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F'Qure  2a.  Vac  melted  X 40  H.P.  rotor  blades  pack  aluminiscd— 
service  evaluation  in  the  SRN4  Hovercraft.  Proteus  Engine  No. 
P10128  after  1525  hours  running,  blade  metal  temperature-850°C 
max. 


\.  4 0 


N'lM.  10.5 


X.  40  NIM.  105 

Figure  1.  Co;nparative  corrosion  attack  on  Nimonic  105  and  X 40 
material  (pack  aluminised)  H.P.  rotor  blading  trials  evaluation  at 
N.G.T.E.  Pyestock.  Proteus  Marine  Engine  P 10016,  975  hours 
running  with  "salt  in  fuel"  (0.6  ppm),  blade  metal  temperature 
87(f  C max. 


Figure  2b.  Nimonic  105  material  H.P.  rotor  blades  pack  aluminised 
showing  severe  corrosion  attack  after  1260  hours  running  in  the 
SRN4  marine  Hovercraft.  Proteus  Engine  P10131,  blade  metal 
temperature-850°C  max. 


the  field  that  blade  life  can  be  doubled  by  deletion  of  fired 
washing  by  adopting  crank  wash  procedures  on  a cold  engine. 
Tliis  latter  procedure  has  now  been  our  primary  washing 
method  for  approximately  two  years. 

• In  general  the  severity  of  corrosion  on  the  blading  is 
related  in  severity  to  the  temperature  profile,  but  occasion- 
ally corrosion  has  occurred  on  N JO.S  more  severely  in  the 
colder  regions  around  the  hub  and  tip.  This  is  illustrated 
in  Fig.  7 of  a Proteus  II.P.  turbine  blade  from  industrial 
operation.  We  must  conclude  from  this  that  corrosion  can 
occur  at  temperature  levels  much  lower  than  normal  peak  sul- 
phidation temperatures  usually  shown  by  rigs  (ref.  Fig.  7). 

Salt  levels  acceptable  to  the  engine. 

• \Vlicrc  salt  levels  in  fuel  have  exceeded  0.6  ppm  sodium 
in  industrial  applications,  sulphidation  of  turbine  blading 
has  been  severe. 
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4711006589 

Part  No. 

B. 203785 

HR  Alloy  Mat.  2053  (N.  105) 

Specification 

Jessops  G.  64  BACF  433 

Pack  alumlnised 

Vacuum  melt 

Precision  forging 

Precision  casting 

Pack  aluminised 

Las  Palmas  Experience 


10088 

Engine  No. 

10085 

July  69  in  T.  S.  5 

Installed 

Aug.  69  in  T.  S.  1 

April  70 

Removed 

June  70 

Lov/  Power 

Reason 

Reduction  gear  snag 

2053  hours 

R/T  toUl 

1991  hours 

2035 

Generation 

1968 

576 

Starts 

551 

3.  56 

Hrs.  /Start 

3.60 

2120 

Average  load 

2100 

I 9-29°C 

Ambient  (Outside) 

19-28% 

485-520% 

Obs.  E.G.T. 

495-520% 

10960-11500 

Obs.  C.  R.  P.M. 

11160-11440 

Cold  soak  only 

Washing 

Cold  soak  wash 

Knitmesh 

Int.  Filters 

Vokes  manual  roll  on. 

i 

t 

I 


Result  - Catastrophic  corrosion 


Result  > Concave  pack  aluminising 
completely  removed  - form 
penetration  in  order  of  0. 01 5‘ 


Figure  3.  Industrial  Protaus  1st  row  turbine  rotor  blades.  Comparison  of  N 105  & G 54  material,  site-Laa  Palmat,  different  anginee. 


a.  X 40  uncoatad  H.P.  vanes-ehowing  catastrophic  hot  cororsion 
attack. 


b.  X 40  pack  aluminitad  HP.  vanas-ahowing  charactaristic  hot 
corrosion  attack. 


Figure  4.  Proteus  Marirse— 1525  hours  in  Hovercraft  SRN4,  Engina 
No.  10128,  vane  rrMtal  tamparatura-approximately  900%. 


Marine  Installation 
F.P.B. 


Industrial  Site 
Marine  Atmosphere 


Figure  5.  Nimonic  106  pack  aluminisad  HP.  bladaa  showring  con- 
cava  form  attack  on  a marine  engine  eomparad  with  the  wart-like 
growths  on  land  baaed  anginas.  Protaus  Marins  Installation-F.P.B., 
610  hours,  Proteus  Industrial-Las  Palmas— 1022  hours,  blada  matal 
tvmparsturss-850'’C  max. 
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CONCAVE  FORM 


CONVEX  FORM 

Figur*  6.  Nitnonic  115  H.P.  bladM  showing  typical  form  of  corro- 
sion attack  axperitnced  on  land  based  engines  subjected  to  high 
level  of  salt  in  fuel.  Avon  Industrial  Engine  37015  after  1900 
running  hours. 


• On  Marine  shore  trials  engines,  wlicrc  salt  is  introduced 
into  the  engine  at  0X)1  ppm  salt  in  air  (equivalent  to  about  0.25 
ppm  sodium  in  fuel),  and  associated  with  a fuel  having  a low 
sodium  content,  the  level  of  corrosion  has  been  less  severe. 

We  believe  in  the  longer  term,  that  to  obtain  really 
long  life  in  a marine  environment  it  is  necessary  to  have  not 
more  than  0.3  ppm  sodium  in  the  fuel  and  0.01  ppm  salts 
ir  the  air  supplied  to  the  engine.  On  larger  ships,  as  op- 
posed to  Hovercraft  and  Hydrofoils,  we  would  expect  the 
latter  figure  to  be  very  much  less  for  high  percentages  of  the 
operating  time. 

Wc  would  emphasise  that  a wide  scatter  in  turbine  life 
can  be  achieved  in  service  for  apparently  identical 


Figur*  7.  Nimonic  105  H.P.  bl*d«*  showing  corrosion  attack  rtmote 
from  th*  maximum  t*r->p*ratui8  profile  at  mid-chord  position. 
Proteus  Industrial  Engine  P10003-1,  EX  S.W.E.B.  sit*  Lynton- 
running  tim*  576  hours. 


Figur*  8.  Nimonic  115  pack  aluminised  H.P.  blades  showing  corro- 
non  attack  on  good  blades  (normal  P/AI  thickness)  and  bad  blades 
(0.00075  inch  thickness).  Olympus  Marine  TM3,  shore  trials 
engine  951  hours  running  (409  hours  with  salt  injection)  0.01  ppm 
salt  in  air  plus  0.6  ppm  salt  in  fuel.  Blade  metal  temperatures- 
880°C  max  with  temperature  of  around  830°C  under  shroud. 


installations  and  ojicrational  roles.  Whilst  salt  in  air  and 
fuel  has  been  recorded,  washing  methods  and  general 
servicing  requirements  standardised,  not  enougli  specific 
knowledge  has  been  obtained  to  permit  a full  ajiprcciation 
of  the  factors  involved. 

It  is  important  in  the  future  that  mure  detailed  moni- 
toring, on  a continuous  basis  is  programmed,  and  in  particu- 
lar, covering  the  widest  possible  range  of  engine  application. 
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Figure  9.  Nimonic  105  pack  aluminitcd  HP  blades  showing  severe 
corrosion  attack  on  0.0007  inch  thick  pack  aluminiied  blades. 
Proteus  Marine  Hovercraft  Engine  P10131,  1260  hours  blade  metal 
tainperature-850°C  max. 


5.  NEW  MATERIALS  AND  COATINGS 
5.1  GENERAL  PHILOSOPHY 

The  Company  is  committed  for  the  immediate  future  to 
higher  ratings  on  the  Olympus  and  Tyne  engines  in  the 
marine  field,  and  the  Olympus  and  Avon  for  industrial  ap- 
plications. In  the  longer  term  new  engine  projects,  both 
e.x-aero  engine  derived,  and  basic  new  design  are  currently 
under  evaluation. 

Apart,  therefore,  from  the  requirement  to  provide  im- 
proved life  for  existing  service  engines,  a more  fundamental 
reason  for  improvement  exists,  and  where  higlier  levels  of 
blade  cooling  is  essential. 

With  the  development  of  cast  materials  which  have  sul- 
phidation resistance  at  least  equivalent  to  the  Nimonic 
series  of  forging  materials,  notably  N 105,  and  adequate 
creep  strength  for  marine  applications,  the  Company  decided 
to  take  advantage  of  the  more  efficient  cooling  which  could 
be  achieved  with  cast  cooled  blade  designs  in  relation  to  a 
forged  material  equivalent.  We  believe  it  would  have  been 


unwise  to  pursue  this  policy  if  the  basic  sulphidation  resist- 
ance of  possible  casting  materials  had  been  worse  than  cur- 
rent materials,  and  placed  reliance  soiely  on  lower  blade 
surface  temperatures.  At  the  same  time  Rolls-Royce  con- 
sidered basic  cast  cooled  blade  technique  had  been  ade- 
quately proven. 

It  was  also  decided  that  for  any  future  uprated,  or  new 
designs  of  en^nc  we  would  limit  the  maximum  blade  sut  face 
temperature  within  825°C.  This  figure  has  been  derived 
from  our  overall  service  experience  to  date. 

The  difficulty  of  properly  simulating  engine  operating 
conditions  in  a static  corrosion  rig  has  influenced  our 
thouglits  on  material  evaluation,  and  we  regard  such  testing 
as  an  initial  coarse  screen  for  ranking  materials  and  coatings 
prior  to  engine  evaluation.  The  more  representative  the  rig 
can  be  made,  c.g.  higli  pressure,  the  more  valuable  this 
initial  assessment  will  be. 

Due  to  the  wide  scatter  on  severity  of  corrosion  in 
service  it  is  believed  essential  for  final  engine  test  evaluation 
to  be  conducted  in  “rainbow”  turbines,  using  existing 
blade  materials  and  coatings  as  a datum. 

Rolls-Royce  has  not  pursued  any  policy  of  accelerated 
engine  testing  for  material  comparisons,  as  our  interpreta- 
tion from  rig  tests  at  various  levels  of  temperature  and 
salt  concentrations  do  not  suggest  such  tests  conducted 
on  an  engine  would  be  meaningful  to  interpret  accurately 
the  relative  improvements  which  may  appear  in  service 
engines. 

Because  of  these  difficulties,  and  our  present  limited 
knowledge  on  the  factors  piomoting  sulphidation,  we  con- 
sider that  the  engine  test  evaluation  referred  to  above  should 
be  carried  out  in  the  field  on  service  engines  at  the  earliest 
opportunity. 

In  conjunction  with  the  Ministry  of  Defence  endurance 
tests  of  approximately  2500  hours  on  complete  engine 
modules  are  carried  out.  These  tests  are  aimed  at  establish- 
ing overall  reliability,  and  whilst  valuable  information  on 
turbine  corrosion  is  obtained,  it  relates  primarily  to  life 
evaluation  on  existing  turbine  standards. 

The  above  policy  has  also  been  influenced  by: 

• There  is  no  requirement  to  demonstrate  predicted 
improvement  to  a certifying  authority  to  the  same  extent 
as  necessary  witliin  tlie  aero  concept.  This,  therefore,  per- 
mits field  trials  to  start  earlier. 

• The  high  degree  of  cooperation  the  Company  receives 
from  customers  for  service  evaluation,  both  in  terms  of 
preferred  environment  and  in  areas  where  high  utilization 
will  be  achieved. 


5.2  OVERALL  PROGRAMME 

As  previously  mentioned  the  materials  now  regarded  as 
standard  for  our  existing  marine  engines  are  pack  aluininised 
X 40  for  the  first  stage  nozzle  guide  vanes  and  pack  alumi- 
nised  N 1 05  for  the  first  stage  rotor  blade. 
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The  basic  programme  for  improvement  beyond  tins 
stage  may  be  summarised  as  follows: 

a)  Select  a blade  nraterial  suitable  for  cast  air  cooled 
blades  for  uprated  engines.  Based  oii  corrosion  rig  and 
other  laboratory  testing  discussed  below,  this  material  has 
now  been  selected  as  In  738,  with  M 432  as  an  alternative. 
Blades  are  now  being  cast  for  the  first  uprated  engine  de- 
velopment programmes,  on  the  uprated  Tyne  and  Olympus 
for  marine  and  the  Olympus  and  Avon  for  industrial  ap- 
plication. This  material  will  also  be  used  in  some  guide 
vane  positions  where  X 40  does  not  provide  an  adequate 
strength  margin. 

b)  Evaluate  the  preferred  material,  pack  aluminised  In 
738,  and  M 432  in  existing  service  engines  if  possible,  where 
blading  is  not  air  cooled,  tooling  exists,  or  is  relatively 
simple,  and  time  scales  and  costs  for  introduction  are  small. 
The  basic  evaluation  in  this  context  will 

i)  establish  improvements  for  existing  engine  ratings 

ii)  be  valid  for  future  higher  ratings  which  are  being 
achieved  with  increased  cooling,  and  where  blade 
surface  temperatures  will  be  within  existing  ex- 
perience. 

c)  Evaluate  readily  available  vendor  coatings  on  both 
current  and  new  materials  in  combustion  rigs  and  current 
engines,  and  if  justified  standardise  on  one  of  them  instead 
of  pack  aluminising. 

d)  Evaluate  in  tlie  combustion  rigs  3 and  4 element 
coatings  now  in  the  initial  development  phase,  and  when 
justified  proceed  to  engine  evaluation. 

e)  Evaluate  the  newer  high  strength,  high  chrome,  mate- 
rials such  as  In  792. 

Of  course,  in  practice  the  work  is  not  necessarily  phased 
in  the  orderly  manner  described,  since  for  example  coatings 
which  show  initial  promise  may  well  rapidly  advance  to 
engine  field  evaluation,  or  materials  may  be  selected  to 
solve  particular  problems  on  one  en^ne  in  advance  of  their 
use  on  other  engines. 

Current  position  on  the  above  overall  programme  is  dis- 
cussed in  5.3  and  S.4  below. 

Briefly,  we  have  completed  rig  evaluation  of  materials 
for  engine  ratings  required  in  the  immediate  future,  and  arc 
now  introducing  these  materials  into  existing  service  en- 
gines where  possible  on  the  basis  outlined  in  5.2(b). 

With  regard  to  alternative  coatings,  evaluation  of  existing 
vendor  coatings,  and  some  experimental  coatings  are  now 
being  trialled  in  service. 

5.3  RIG  TESTING 

Work  on  new  materials  for  engines  for  the  Royal  Navy 
is  funded  by  MOD(N)-  At  present  this  is  carried  out  at  3 
sites,  as  follows: 

1)  Rolls-Royce  Laboratories  at  Derby  in  Aero  Division. 

2)  Rolls-Royce  Laboratories  at  Bristol  in  Aero  Division. 

3)  Admiralty  Materials  Laboratories  at  Poole  Dorset, 


A brief  summary  of  some  of  the  results  of  these  pro- 
grammes is  given  below. 

Rolls-Royce  Derby  Laboratory  Work 

This  work  has  been  directed  as  phase  (a)  in  5.2  of  the 
programme  to  select  a material  for  cast  air  cooled  blades  for 
tlic  Tyne  RMIC  Engine  with  max.  rating  of  1285®KT.E.T. 
which  is  now  entering  the  initial  development  phase. 

Three  candidate  materials.  In  738,  M 432  and  U 700 
were  selected  for  evaluation  of  their  corrosion  resistance  in 
both  the  uncoated  and  pack  aluminised  condition,  and  for  a 
laboratory  assessment  of  other  properties  such  as  creep 
rupture  strength.  To  provide  a comparative  basis,  N 105 
used  for  corrosion,  and  In  100  for  castability  assessment. 

Corrosion  Tiesf/Mg-Corrosion  tests  were  conducted  in  a 
low  pressure  combustion  rig.  Rod  specimens  7 mm  diameter 
are  arranged  in  a cylindrical  assembly  which  is  then  rotated 
at  1300  rpm  and  the  exhaust  from  the  combustion  chamber 
directed  at  the  centre  of  the  specimens. 

Salt  solution  (using  synthetic,  salt  or  DEF  1053)  is 
sprayed  into  the  air  before  combustion  to  give  a concentra- 
tion of  4 ppm.  The  fuel  used  is  a medium  gas  oil  to  speci- 
fication BBS  2869.  Tlie  thickness  of  the  coating  for  the  pack 
aluminised  samples  was  .0008"/.001 5”.  It  should  be  noted 
that  the  Tyne  RMIC  cooled  blade  surface  temperature  range 
at  maximum  rating  is  780‘*C  to  825°C. 

The  results  of  the  tests  at  820‘*C  and  870®C  arc  given  in 
Figs.  10  and  1 1.  It  will  be  seen  that  at  820®C  the  penetra- 
tion experienced  by  all  three  candidate  materials  in  the  un- 
coated condition  was  less  than  .0005"  in  600  hours  under 
tliese  accelerated  conditions,  and  all  were  considerably  less 
than  N 105.  In  the  coated  condition  all  except  In  738  seem 
to  have  suffered  an  increase  in  the  depth  of  attack,  with 
U 700  and  N 105  having  penetrated  the  aluminised  layer. 

At  870'’C,  which  is  thought  to  be  near  the  peak  sulphi- 
dation temperature  for  most  metals,  all  three  materials 
show  a significant  increase  in  the  depth  of  attack  in  the  un- 
coated  condition,  but  still  considerably  less  than  the  attack 
on  Ni  105.  Tlie  pack  aluminised  samples  all  show  a low 
rate  of  attack  with  no  penetration  of  the  coating.  However, 
tlie  Ni  105  samples  showed  a severe  off  centre  attack  i.e,,at 
a lower  temperature  portion  of  the  sample. 

This  evidence  suggests  that  Ni  105  suffers  its  peak  attack 
at  temperatures  lower  than  for  the  other  materials,  that  is 
at  820®C  or  lower.  It  also  suggests  that  the  rate  of  attack 
of  Ni  105  is  very  much  greater  after  the  first  50  to  120 
hours  of  rig  running  (at  these  accelerated  corrosion  condi- 
tions). This  is  consistent  with  previously  observed  results 
on  tliis  rig  which  indicate  an  extended  incubation  period  for 
Ni  105  compared  with  other  mateirals.  These  earlier  results, 
using  aviation  kerosinc  as  the  fuel  and  with  4 ppm  salt  in- 
jection are  shown  in  Figs.  12  and  13. 

A number  of  anomalies  are  again  apparent,  for  example 
tlie  very  low  attack  experienced  by  uncoated  U 700  using 
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(~i  600h  4 ppm  synthetic  sea  salt  in  air  (aviation  kerosine  fuel). 

Figure  10.  Corrosion  resistance-820''C,  4 ppm  salt  (with  diesel 
fuel). 


rrj  5C« 


Figure  11.  Corrosion  resistance-870°C,  4 ppm  salt  (with  diesel 
fuel). 


Figure  12,  Corrosion  rate  of  uncoated  specimens  at  870”C,  4 ppm 
synthetic  sea  salt  in  sir  (aviation  kerosine  fuel). 


dissci  fuel  compared  witli  tlic  hig}i  level  of  attack  with  previ- 
ous tests  using  kerosine. 

Materia!  Properties-ln  addition  to  the  corrosion  tests, 
tins  programme  also  covered  other  material  properties,  the 
most  important  of  which  were  creep  rupture  strength,  creep 
consistency,  coating  adhesion  (pack  aluminising)  and  cast- 
ability,  thin  wall  strength  and  fatigue  of  hollow  speci- 
mens. Some  results  of  these  tests  are  shown  in  Figs. 
14  and  1 .. 

Typical  100  hour  stress  rupture  data  show  In  738  and 
M 432  to  be  much  the  same,  with  U 700  slightly  inferior. 
On  creep  consistency  M 432  proved  to  be  the  best  with 
good  resul  also  being  obtained  for  In  738.  However, 
the  U 700  samples  tested  prox'ed  to  be  very  poor  for 
consistency. 

The  coating  adhesion  tests  were  carried  out  on  half 
rhombic  specimens  tested  in  a spinning  rig  for  6000  cycles  at 
1 OSO'^C.  Tliese  showed  U 700  to  be  the  best  with  In  738 
also  quite  satisfactory,  but  M 432  gave  poor  performance. 
However,  since  the  corrosion  attack  on  M 432  at  1050®C 
is  quite  severe,  this  could  have  an  adverse  influence  on  these 
results  and  it  is  expected  that  acceptable  results  wil. 
be  obtained  at  the  lower  temperatures  seen  by  the  rotor 
blades. 

CfljfflM/O'-Casting  tests  were  delibeiately  carried  out  on 
an  existing  aero  intricately  cooled  blade  and  this  showed  that 
U 700  is  much  better  than  In  100,  In  738  is  comparable 
to  In  100,  and  M 432  is  very  poor.  However,  previous  cast- 
ing tests  with  solid  blades  showed  M 432  to  be  satisfactory 
and  it  is  thought  that  the  material  will  also  be  satisfactory 
for  blades  witli  the  relatively  simple  cooling  configurations 
designed  for  the  next  series  of  en^nes.  Additional  casting 
trials  with  more  representative  blade  designs  are  now  in 
hand. 

Some  results  for  tensile  and  fatigue  properties  are  shown 
in  Figs.  16  and  17.  Tliese  indicate  that  M 432  and  In  738 
are  the  best  with  U 700  less  satisfactory. 
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Figure  IS*  Creep  con'  >stency. 
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Figure  17.  Rotating  bend  fatigue-comperativa 


Rolls-Royce  Bristol  Laboratory  Work 

This  work  is  directed  at  phases  c and  d in  5.2  mentioned 
previously,  that  is  the  corrosion  rig  evaluation  of  alterna- 
tive coatings  to  our  standard  pack  aluminising  process.  At 
the  moment  the  programme  is  directed  mostly  at  identifying 
improved  coatings  for  the  current  blade  material  Ni  105, 
but  also  includes  tests  on  pack  aluminised  alternative 
materials. 

The  main  test  procedure  consists  of  3 furnace  cycles  of 
18  hours  each  at  850°C  on  specimens  that  are  first  washed 
and  weighed  and  then  coated  witli  1 mg/cm^  Na2S04  prior 
to  each  cycle.  This  is  followed  by  a further  72  hours  at 
850'’C  and  finally  cle:<ning  by  blasting  with  fme  alumina 


abrasive.  The  cycle  is  repeated  until  the  coating  shows  signs 
of  failure. 

Additional  furnace  tests  at  850°C  have  been  carried  out 
using  an  alternative  procedure  in  which  the  application  of 
sodium  chloride  replaces  erosion  as  the  means  of  removing 
the  protective  scale. 

Low  pressure  burner  rig  tests  using  10  ppm  salt  in  air 
have  also  been  conducted  on  pack  aluminised  samples  of  the 
candidate  materials. 

The  results  of  the  programme  to  date  are  given  in  Table  II. 
These  show  that  pack  aluminised  In  738  has  significantly  im- 
proved corrosion  resistance  compared  with  pack  aluminised 
Ni  105  and  Ni  115.  Also  for  Ni  105,  alternative  coatings 
can  be  identified  which  show  considerable  potential 


Table  II 

Rolls-Royce  Bristol  Laboratory  Work 
Merit  Rating  of  Materials/Coatings  From  Results  to-Date 


Material/Coating 
1. 5-2.0  thous.  in. 

Sodium  Sulphate/ 
Erosion 
850“C 

Coating  Life  Mrs. 

Sodium  Sulphate/ 
Sodium  Chloride 
850“C 

Coating  Life  Mrs. 

B.E.D.  Burner  Rig 
(10  ppm  salt)* 
870°C 

Depth  of  Penetration 
in  400  Hours 

N 105  Pt-Al  (LDC2) 

1500 

X40  P.A1. 

1500 

125 

X40Cr-AI  (H.  1.15) 

1250 

375+ 

N 105  Ta-Cr-Al 

1250-1500 

375 

In  587  P.Al. 

1250 

125 

N105  Cr-Al  (H.  1.15) 

1250 

250 

In  738  P.Al. 

1000-1250 

125 

0.8  Thous.  ins. 

N 1 05  CoCrAI Y (Vac.  Hyd.  slurry) 

500-1000 

N105  (Cr)  + A1(MDC  701) 

875-1000 

M 432  P.Al 

875  1000 

125 

1.1  Thous,  ins. 

N105  Cr-Mn-Al 

875 

N105  Mn-Si-Al 

750-875 

N 105  P.Al. 

500-625 

1 .4  Thous.  ins. 

N115P.A1. 

500 

1 .2  Thous.  ins. 

’Injected  as  Portland  seawater  .supplied  by  the  Admiralty  Materials  Laboratory. 


125 


iinprovcnicnt  over  pack  uluminising,  and  these  coatings  will 
be  engine  evaluated  as  quickly  as  possible.  Microsections  of 
die  pack  aluininiscd  samples  tested  on  the  burner  rig  are 
sliown  in  Fig.  1 8. 

Erosion  has  been  identified  as  an  important  factor  in  the 
overall  resistance  of  the  coatings,  and  additional  tests  were 
carried  out  with  tiie  erosion  cycle  included  after  each  125 
hours.  Tliese  results  are  shown  in  Table  111,  and  it  is  interest- 
ing to  note  that  the  previous  order  of  merit  of  the  retested 
coatings  was  reversed  and  the  Mn-Si-AI  coating  was  now 
superior  to  the  Ta-Cr-AI  and  A1  coatings. 


r 

t. 

\ 

N105  P.AI,  X500,  3760 

« ft. 

*> 

(7 

' * 

Mar-M  432  P.AI,  X500,  3759 

In  738  P.AI,  X500,  3757 

Figure  18.  Rolls-Royce  Bristol  Laboratory  burner  rig  tests.  400 
hours  at  850°C,  10  ppm  salt  with  kerosine. 


Table  III 

Effect  of  Erosion  on  Coating  Life 


Material/ 
Coating 
.0015"  to 
.002"  thick 

Sodium  Sulphate  Furnace  Tests 
Coating  Life-Hrs. 

One  erosion  cycle 
per  125  hours 

4 erosion  cycles 
per  125  hours 

Ni  105  Ta-Cr-AI 

1250-1500 

425 

Ni  105  Mn-Si-Al 

750-875 

750 

Ni  105  F.  A1 

_ _ _i 

500-625 

375 

A.M.L.  Corrosion  Tests 

The  A.M.L.  corrosion  tests  are  carried  out  in  a low  pres- 
sure combustion  rig  using  Dicsofuel  and  with  natural  sea- 
water injected  in  to  the  air  to  provide  a concentration  of 
0.1  ppm  salt  in  air  at  tlie  test  section.  The  gas  velocity  onto 
the  specimens  is  about  1200  ft/scc,  and  for  these  initial 
tests  non  rotating  cascade  specimens  were  used. 

Tests  at  850‘’C  for  200  hours  have  shown  the  average 
wciglit  loss  for  uncoated  specimens  when  corrected  for  rig 
position  factors  (20/?  ma.ximum  correction)  to  be: 

In  738  .297  gms 

M432  .122  gms 

Ni  90  .094  gms 

Ni  105  .091  gms 

The  relative  positions  of  uncoated  In  738  and  M 432  is 
consistent  with  the  results  obtained  on  the  Rolls-Royce 
Derby  rig,  and  the  low  attack  on  Ni  105  is  consistent  with 
an  extended  incubation  period  at  this  temperature  and  the 
low  level  of  salt  contamination. 

In  similar  tests  at  850'’C,  pack  aluininiscd  samples  of  In 
738,  M 432  and  Ni  105  all  performed  in  a similar  manner. 

A further  comprehensive  programme  is  being  carried  out 
covering  a range  of  coatings  from  Rolls-Royce  pack  alumi- 
nising  to  currently  available  vendor  coalings  and  experi- 
mental 3 and  4 clement  coatings,  which  will  be  tested  on 
Ni  1 05,  N 1 1 5,  In  738,  M 432,  X 40  and  M 509.  For  these 
tests,  rod  type  specimens  will  be  used  and  rotated  in  a 
similar  manner  to  the  Derby  rig-A  range  of  representative 
blade  and  vane  temperatures  will  be  investigated,  and  degree 
of  penetration  w9l  be  used  as  the  perfonnance  criterion 
instead  of  wciglil  lo.ss. 

Selection  of  Preferred  Matcrial—W\cicas  the  informa- 
tion generated  by  the  above  programmes  was  limited  and 
not  entirely  consistent,  it  was  sufficient  coupled  with  in- 
formation derived  from  literature  surveys  for  us  to  identify 
In  738  as  the  preferred  material  for  current  engine  evaluation 


and  use  in  the  next  series  of  engines.  Further  infonna- 
tion  is  now  being  generated  on  this  material,  in  particular 
the  effects  of  thin  cast  sections  coupled  with  pack  alumi- 
nising  on  the  mechanical  properties.  In  addition  further 
work  Hill  also  be  directed  at  assessing  the  influence  of  heat 
treatment  cycle  and  amounts  of  interdiffusion  on  the  thin 
wall  properties  of  In  738  when  coated  with  alternative  ven- 
dor and  experimental  coatings.  Weldability  and  brazing 
trials  arc  also  being  conducted. 


5.3  TEST  EVALUATION 

Marine  Shore  Trials— Proving  of  Existing  Blade 
and  Nozzle  Material 

In  conjunction  with  the  Ministry  of  Defence,  shore 
trials  are  carried  out  on  current  marine  engines  simulating 
operational  requirements. 

Tests  have  been  completed  for  the  initial  rated  Olumpus 
engines,  where  approximately  2500  hours  were  achieved  by 
1968. 

Current  shore  trials  programmes  for  the  higlier  rated 
Olympus  at  1220°K  Turbine  Entry  Temperature  and  for 
tire  Tyne  RMIA  at  1 170°K,  arc  in  progress.  Both  have  com- 
pleted approximately  1500  hours. 

Nominally  our  objectives  arc  to  obtain  2500  hours  en- 
durance, and  subsequently  extend  tlie  trials  to  keep  in 
front  of  operational  experience  in  service. 

Wlierc  possible,  we  will  introduce  into  these  trials  alter- 
native coatings,  ref.  (c)  and  (d)  in  section  5.2,  and  possibly 
cast  blading  in  existing  form  in  In  738. 


Material  Evaluation  on  Engine  Trials 

In  agreement  with  tlic  piiilosophy  defined  m 5.2  Inco 
738  and  M 432  solid  cast  blades,  pack  aluminised,  arc  being 
introduced  on  a trials  basis  on  to  existing  engines. 

The  primary  areas  arc: 

• Marine  Protcus-In  738  and  M 432  are  now  being 
trialled  on  Hovercraft,  fitted  in  a “rainbow”  set  with  the 
existing  proven  X 40  blade  material.  Tliesc  arc  pack  alumi- 
nized. 

• Industrial  Avon-ln  738  sets  of  H.P.  blading  will  be 
available  for  service  engine  evaluation  early  I V73. 

• Industrial/Marinc  Olympus-In  738  blades  will  be 
available  for  limited  service  evaluation  early  1973. 


Coating  Evaluation-Existing  Coatings 

Industrial  Avon-From  the  rig  evaluation  work  on  coat- 
ings within  the  Aero  Divisions  and  A.M.L.  we  have  intro- 
duced on  a trials  basis  a number  of  vendor  and  experimental 


coatings  on  existing  nozzle  and  blade  materials,  fitted  in 
rainbow  sets.  Tlie  primary  coatings  under  relative  evalua- 
tion arc: 

Nozzles  (C  242)-H  115,  MDC  701,  MDC  9,  CODEP  Bl, 
P3  Aluminised  plus  Ceramic  RW  132J30C.  (R.R. 
Exp.) 

Rotor  Blades  (N115)-H  115,  MDC  7,  MDC  9,  CODEP 
B 1 , MDC  70 1 “Thick”  pack  aluminising.  Blades  coated 
with  stellite  X 40. 

Marine  Proteus-ln  the  short  tenn,  we  will  be  in- 
troducing In  738  and  M 432  rotor  blading  on  a trials 
basis  in  Hovercraft  application  with  MDC  701  and  H 115 
coatings. 

As  soon  as  manufacturing  techniques  for  the  preferred 
Mn-Si-Al  and  Ta-Cr-Al  coatings  have  been  established,  we 
will  introduce  these  into  services  engines  on  existing  blade 
designs. 


Environment  Conditions 

In  conjunction  with  above  work  we  are  implementing  a 
parallel  programme  on  more  detailed  and  continuous  record- 
ing of  salt  contamination  in  fuel  and  air  supplied  to  the 
engine. 

Salt  levels  upstream  and  downstream  of  both  air  and 
fuel  filtration  systems  will  be  recorded  in  more  detail  than 
in  previous  exercises,  and  particularly  in  conjunction  witli 
improved  air  filtration  systems.  This  will  be  on  both  marine 
and  industrial  sites  to  obtain  a wide  range  of  contaminant 
levels. 

We  consider  work  to  progressively  reduce  salt  in- 
gestion is  of  equal  importance,  and  we  need  to  establish 
more  specifically  the  levels  at  which  corrosion  may 
be  effectively  eliminated,  and  whether  these  are 
achievable. 


6.  CONCLUSIONS 

1.  In  order  to  properly  assess  the  realtive  merits  of 
alternative  materials  and  coatings  it  is  preferable  to  test 
engines  with  rainbow  turbines  in  the  actual  operational 
environment. 

2.  More  extensive  field  monitoring  of  engine  operating 
environments  and  running  schedules  is  necessary  in  order 
to  obtain  a better  unierstanding  of  the  relative  imponance 
of  various  factors  influencing  corrosion. 

3.  A better  understanding  of  the  relative  importance  of 
salt  in  fuel  and  salt  in  air  is  also  required. 

4.  Engine  cleaning  or  washing  techniques  can  have  a 
significant  effect  on  hot  end  component  life,  and  increased 
development  effort  in  this  area  i'  required. 
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Discussion: 


MARINE  TURBINE  CORROSION,  RIG  EVALUATION  AND  ENGINE  EXPERIENCE 


Paul  A.  Bergman 

General  Electric,  Lynn,  Massachusetts 


I would  compliment  the  autliors  on  an  interesting  and  information  paper  on  hot  corrosion,  particularly  the 
coverage  of  considerable  field  experience.  In  addition,  their  ambitious  plans  are  commendable  relative  to  “rainbow” 
testing  of  various  alloys  and  coatings  in  field  engines  and  extensive  monitoring  of  engine  operating  environments 
and  running  schedules.  Tliis  type  of  infonnation  is  vital  to  the  ultimate  success  of  gas  turbines  operating  in  marine 
environments. 

Salt  Cdncentrations-T]ie  authors  have  delineated  1 0 ppb  sea  salt  as  a critical  maximum  amount  in  order  to 
achieve  really  long  life  parts.  On  large  ships,  much  less  than  10  ppb  would  be  expected  most  of  the  time.  Our 
experience  mostly  based  on  aircraft  engine  operation  in  marine  environments  including  considerable  helicopter 
service  would  support  some  figure  of  about  10  ppb  at  least  for  times  of  1000  to  2000  hours  although  not  much 
accurate  information  is  available. 

In  the  past,  gas  turbines  have  been  corrosion  tested  with  unrealistically  higli  sea  salt  concentrations,  e.g.  300  ppb. 
In  many  of  these  tests  even  the  most  corrosion  resistant  materials  were  subject  to  severe  effects  in  1 00  to  300  hours. 
The  current  trend  in  this  country  is  to  require  longer  engine  tests  at  lower  and  more  realistic  salt  concentrations. 
For  example,  the  Military  Specification  for  Ships  (M1L-E-17341C)  specifies  50%  of  testing  time  at  3 ppb  salt,  45% 
at  7 ppb,  3%  at  16  ppb  and  2%  at  30  ppb.  Testing  times  arc  1 000  or  3000  hours. 

Teniperattires-Thc  minimum  temperature  of  corrosion  is  a provocative  subject  due  in  part  to  the  variable  engine 
conditions,  diverse  corrosive  environments  and  the  lack  of  accurate  information.  Tlie  authors  have  shown  a vari- 
ability in  the  minimum  corrosion  temperature  apparently  based  on  different  corrosion  conditions  but  a temperature 
of  1 51 5°F(825°C)  was  implied.  Would  the  authors  confirm,  deny  or  modify  the  minimum  temperature  of  significant 
corrosion  in  the  marine  environment  encountered  in  ship  and  hovercraft  applications? 

Our  service  information  indicates  that  in  a practical  sense  the  threshold  temperature  of  corrosion  is  about  1 500“F 
since  no  major  problem  is  known  to  exist  at  lower  temperatures  at  least  in  1000  to  2000  hours.  Only  relatively 
shallow  depths  of  sulfidation  have  occurred  at  lower  temperatures  under  normal  conditions.  However,  the  minimum 
temperature  ofcorrosion  may  be  as  low  as  about  1350*’F  based  on  longer  operating  times,  low  /anadium(.5  ppm)  fuels, 
possibly  local  reducing  conditions  and  the  use  of  less  resistant  alloys.  Higlier  vanadium  fuels  could  lower  the 
minimum  temperature  further. 

The  authors  indicate  that  their  new  design  concept  would  limit  the  blade  surface  temperature  to  about  1515‘*F 
by  air  cooling  in  order  to  minimize  corrosion.  This  design  feature  seems  to  be  a severe  penalty  to  pay. 

Alloys-li  is  noted  that  aluminized  N105  and  X-40  arc  the  primary  materials  used  but  reference  is  made  to 
N1 15,  C242,  Nimocast  90  and  G64.  Would  the  authors  indicate  a ranking  of  these  materials  and  others  and, 
possible,  quantify  the  alloy  behavior  in  terms  of  expected  life  in  normal  marine  environments?  In  addition,  docs 
coating  X-40  improve  its  corrosion  performance'’  It  is  our  experience  in  aircraft  gas  turbines  to  coat  X40  mainly 
for  oxidation  resistance  at  higher  temperatures,  i.c.  above  1800°F.  At  lower  temperatures  where  sodium  sulfate 
deposits  and  hot  corrosion  occurs,  X-40  has  an  excellent  resistance  to  the  environment  without  any  coating. 

It  is  noted  that  in  burner  rig  testing  U700  showed  a better  corrosion  resistance  than  Inco  738  when  diesel  fuel  was 
consumed  but  an  inverse  ranking  occurred  with  kerosene.  Our  burner  rig  tests  with  a variety  of  fuels  have  consistently 
denoted  U700  (or  Rene  77)  as  moderate  in  corrosion  resistance-better  than  IN  100  and  Inco  713  but  not  as  good 
as  the  new  group  of  alloys  containing  13  to  16%  chromium  along  with  balanced  or  higli  ratios  of  titanium  to  alum- 
inum like  Inco  738  and  Rene  80  and  probably  M432  and  NI 15.  However,  all  of  these  latter  alloys  probably  have 
relatively  less  oxidation  resistance.  Engine  experience  has  supported  the  corrosion  ranking  at  least  in  regard  to 
IN  100,  Inco  713,  Rene  77  and  Rene  80.  In  the  opinion  of  the  writer,  the  validity  of  the  test  is  questionable  when 
U700  shows  a good  resistance  to  a hot  corrosion  environment  unless  it  really  is  an  oxidation  oriented  test.  However, 
this  type  of  controversy  supports  the  need  for  engine  data  especially  tlie  “rainbow”  type  of  testing.  Nevertheless, 
tlie  quality  of  laboratory  testing  should  be  continually  improved  rather  than  rationalized. 

Coatings-Tl\e  authors  show  that  in  lab  testing,  nickel  alurninidc  coated  specimens  are  subject  to  greater  amount 
of  attack  at  1 51 5°F  (825°C)  than  the  uncoated  specimens.  We  have  likewise  seen  this  behavior  in  rig  testing.  Would 
the  authors  comment  on  the  possible  mechanism  and  the  ramifications  of  the  phenomenon  in  field  engines? 
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BACKGROUND 

Tlie  US  Navy  is  coniinittcd  to  extensive  use  of  gas  tur- 
bine engines  for  propulsion  from  tlie  nii(l-1970s  througli 
the  1980s.  Tlie  higli  power-to-weiglit  ratio,  compactness 
and  rapid  response  oi  the  gas  turbine  virtually  dictate  its 
use  for  hy'.iofoil  and  surface  effect  ships  and  craft  and 
make  it  a prime  candidate  for  large  non  nuclear  vessels. 

The  major  problem  with  gas  turbines  operating  in  the 
marine  environment  is  sulfidation  corrosion  in  hot-section 
components.  SuHldation  currently  restricts  time  between 
overhaul  to  about  4000  hours.  This  life  is  obtained  by 
vapor  deposited  Co-Cr-Al-Y  coatings  and  by  limiting  the 
first-sta’^eavci age  metal  temperature  to  about  1530°F.  Cur- 
rent aircraft  engines  have  average  metal  temperatures  of 
1850°F,  however,  the  superalloys  used  in  these  engines  have 
significantly  lower  sulfidation  resistance  than  those  used  in 
marine  gas  turbines.  As  a result  of  some  laboratory  testing, 
one  engine  manufacturer  predicts  about  a 30%  reduction  in 
life  with  a 60”F  increase  in  average  metal  temperature  above 
1530'’F(1). 

Performance  of  marine  gas  turbine  engines  can  be 
dramatically  improved  by  operating  with  higher  turbine 
inlet  temperatures.  For  example,  an  increase  in  power  out- 
put of  about  17%  could  be  obtained  with  a 100°F  increase 
in  temperature.  Titus,  it  is  highly  desirable  for  the  naval 
application  of  gas  turbines  to  increase  the  turbine  inlet 
temperature  without  incurring  an  engine  life  penalty.  In 
fact,  improved  engine  life  is  highly  desirable  from  a naval 
vessel  on-station  capability  viewpoint. 

The  current  coating  production  art  employs  electron- 
beam  evaporation  from  a continuously  fed  rod  source. 
The  electron  beam  is  focused  on  the  top  surface  of  the  alloy 
rod  to  form  a liquid  pool,  while  the  rod  is  fed  at  a rate  to 
maintain  a constant  rate  of  evaporation,  as  shown  schemat- 
ically in  Fig.  1.  Turbine  blades  are  rotated  in  the  evaporant 
cloud  until  the  deposited  coating  is  about  5 mils  thick. 
Such  coatings  on  blades  and  vanes  have  provided  significant 
improvements  in  marine  gas  turbine  performance  and  life. 
However,  the  current-art  vapor  deposition  processes  have 
several  disadvantages  for  coating  turbine  blades  and  vanes, 


which  include  the  following:  Deposition  is  by  line-of-sight 
from  a small  area  source,  thereby  limiting  the  areas  that  are 
coated.  The  vapor  pressure  of  the  alloy  constituents  must 
not  differ  from  each  other  by  more  than  10^,  or  dual 
sources  must  be  used  to  avoid  the  fonnation  of  a “distilled” 
coating.  The  vapor  deposited  coating  has  a columnar  struc- 
ture which  requires  modification  by  post-deposition  heat 
treatment.  Early  experience  in  the  Callaglian  with  vapr 
deposited  coatings  indicated  columnar  structure  provided 
paths  for  corrosive  agent  migration  to  the  blade  substrate. 
The  evaporation  process  has  a low  material  efficiency;  i.e., 
most  of  the  evaporated  material  is  deposited  on  chamber 
walls,  thus  restricting  consideration  of  expensive  elements 
as  alloy  constituents. 

The  Navy  wants  improved  marine  gas  turbine  reliability, 
increased  engine  performance  with  respect  to  power  output 
and  fuel  consumption,  and  increased  time  between  overhauls. 
The  use  of  the  sputtering  process  for  blade  and  vane  coating 
holds  significant  potential  to  achieve  some  of  the  above 
goals.  A program  with  Battelle-Northwcst  has  been  initiated 
to  develop  and  evaluate  sputtered  coatings  on  blades  and 
vanes.  Tlie  Naval  Ship  R&D  Center,  Annapolis,  will  conduct 
extensive  burner  rig  and  mechanical  tests  to  evaluate  the 
coatings.  A review  of  the  history  of  sputtering  and  a 
description  of  the  process  is  in  order. 

SPUTTERING  HISTORY 

Deposition  of  thin  films  by  sputtering  has  a history 
dating  back  to  a paper  by  Wright  in  1 877  (2).  Generallj , 
until  the  1940s  the  interest  in  sputtered  films  was  primaril) 
for  optical  and  protective  coating  applications.  The  appear- 
ance of  the  active  semiconductor  in  the  late  ’40s  stimulated 
the  miniaturi7,ation  of  the  related  passive  devices  (resistors, 
capacitors,  etc.).  Thin  films  allowed  reduction  in  size,  but 
such  films  required  close  control  of  electrical,  chemical  and 
mechanical  properties.  At  this  point  deposition  by  sputter- 
ing received  increased  attention. 

Coincidently,  basic  investigations  of  sputtering  were 
conducted  by  several  researchers,  in  particular  G.  K.  Wehner 
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and  co-workers.  In  1955  Welincr  (3)  suggested  the  possibility 
of  using  radio  frequency  power  for  sputtering  of  insulators 
which  was  demonstrated  five  years  later.  The  development 
of  sputtering  has  occurred  rapidly  and  continuously  to  the 
present  time.  Generally  the  applications  use  thin  films, 
such  as  integrated  circuits  for  the  electronics  industry,  and 
tliin  conosion-resistant  coatings  for  razor  blades,  to  name 
a couple  cf  many  applications. 

Deposits  in  the  range  of  several  mils  thickness  were 
usually  not  considered  practical  because  of  the  low  deposi- 
tion rate  associated  with  sputtering.  Hosvever,  W'ith  sup- 
ported discharge  (or  triode  sputtering)  equipment  much 
higlier  deposition  rates  have  been  attained,  permitting  de- 
posit thicknesses  of  several  tens  of  mils.  Battelle-Nortliwest 
has  developed  numerically  controlled  equipment  for 
sputter  deposition  at  higli  rates  on  large  areas  and  various 
geometries. 

SPUTTERING  MECHANISM 

Experimental  evidence,  particularly  that  obtained  from 
sputtering  of  single  crystals  indicates  the  sputtering  phe- 
nomenon is  a momentum  transfer  process. 

Figure  2 shows  a simple  model  illustrating  momentum 
transfer  through  binary  collisions.  Sputtering  is  conveni- 
ently carried  out  in  noble  gas  discharges  where  positively 
charged  ions  arc  drawn  out  of  the  plasma  by  applying  a 
negative  potential  to  an  immersed  electrode.  Atoms  ejected 
from  this  target  or  cathode  may  be  collected  on  surfaces 
placed  adjacent  to  tire  target. 

Figure  3 is  an  electrical  diagram  of  a typical  triode  sput- 
tering apparatus.  The  chamber  is  evacuated  and  backfilled 
with  argon  or  krypton  to  a pressure  of  several  millitorr. 
Next,  a potential  of  40-50  volts  is  applied  between  the 
heated  tungsten  filament  and  the  anode.  Tlie  discharge  is 
produced  by  ionizing  collisions  made  by  the  electrons  before 
they  are  collected  at  the  anode.  The  discharge  current  is 
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Figure  3.  Thermionic  supported  discharge  for  triode  sputterirtg. 


controlled  by  tlie  filament  temperature.  A negative  poten- 
tial (50-100  volts)  applied  to  the  substrate  causes  the  posi- 
tive ions  to  bombard  its  surface  for  cleaning.  The  deposition 
begins  when  a negative  potential  100-30W)  volts  is  applied 
to  the  target.  The  substrate  may  be  allowed  to  “float”  or 
biased  negatively  if  desired.  Typical  substrate  biasing 
is  about  -15  volts  but  in  no  case  moic  negative  than  -75 
volts. 

Sputtering  of  ceramics  or  insulators  is  a lii.'le  more  com- 
plex. An  impressed  negative  charge  on  the  target  surface  is 
quickly  neutralized  by  incoming  positive  ions,  A solution  is 
to  apply  a radio  frequency  (RF)  potential  to  the  back  of  the 
target.  This  approach  takes  advantage  of  the  difference  in 
ion  and  electron  mobilities.  A net  negative  charge  is  devel- 
oped on  the  surface  proportional  to  the  peak-to-peak  RF 
potential.  During  the  greater  portion  of  the  RF  cycle  the 
surface  is  ion  bombarded,  while  the  loss  of  charge  is  replen- 
ished by  electrons  during  the  small  remaining  portion  of 
tlie  cycle. 

Tlie  resultant  average  negative  potential  of  the  sur- 
face allows  successful  sputtering  of  insulators  and  the 
energy  of  the  impinging  ions  can  be  varied  and 
controlled  by  changing  the  peak-to-peak  RF  potential 
applied. 
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POTENTIAL  ADVANTAGES  OF  SPUTTER  DEPOSITED 
COATING  ON  TURBINE  BLADES 

Tlie  deposition  by  sputtering  of  overlay  coatings  on 
marine  gas  turbine  blades  and  vanes  offers  several  significant 
advantages  over  evaporation  or  aluminiding.  1)  The  blades 
can  be  atomically  cleaned  immediately  prior  to  deposition 
by  “sputter  etching."  Tliis  prcKcdure  is  the  mo' t thorougli 
cleaning  technique  known.  2)  Tlie  target  used  in  sputtering 
can  be  designed  to  coat  complex  geometries.  A possible 
&;heme  to  coat  a vane  pair  is  shown  as  Fig.  3.  The  design  of 
targets  for  coating  a specific  geometry  involves  considerable 
art  as  well  as  science.  3)  The  sputtered  coating,  by  virtue 
of  its  higl)  energy  deposition,  has  much  greater  adhesion 
tlnr.  .upor  deposited  coating.  4)  Tliere  arc  indications  that 
sputter  coatings  on  blades  will  not  require  heat  treatment 
dius  reducing  the  blade-coating  interdiffusion  region.  S) 
Sputter  deposition  coating  structure  can  be  controlled  pre- 
cisely thereby  incorporating  a higli  reliability  potential  for 
coating  reproducibility. 

One  of  the  general  advantages  of  sputtering  is  that  it  can 
be  used  to  deposit  practically  any  material  or  combination 


of  materials,  uniformly  or  in  laminated  or  graded  structures. 
Tliis  results  from  the  fact  that  sputtering  is  a momentum 
transfer  mechanism  that  docs  not  require  coating  material 
phase  change.  Tliis  removal  of  a number  of  restrictions  on 
candidate  materials  or  alloy  constituents  for  turbine  blade 
coating  provides  a tremendous  potential  for  improved 
coatings. 


POTENTIAL  DISADVANTAGES 

There  arc  several  possible  problem  areas.  The  one  most 
commonly  raised  is  low  deposition  rate  and  higii  equipment 
cost.  However,  improvements  in  equipment  have  led  to 
deposition  rates  of  greater  than  2 mils  thickness  per  hour 
for  materials  similar  to  those  used  here.  Also,  the  equip- 
ment is  numerically  controlled,  so  relatively  low  rates  do 
not  imply  higli  labor  costs.  Finally,  a large  number 
of  blades  can  be  simultaneously  coated.  One  pos- 
sible target  geometry  for  multiple  blade  coating  is 
shown  as  Fig.  4.  This  effectively  reduces  the  equipment 
cost. 
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Figurt  4.  A possible  terget  geometry  for  multiple  blede  coatings  by  sputtering. 
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A second  problem  area  is  tlie  incorporation  of  sputtering 
gas  (e.g.  argon)  in  the  sputtered  deposits.  Such  incorpora- 
tion does  occur.  Althougli  it  can  be  reduced  to  low  levels 
by  selection  of  tlie  deposition  parameters,  in  a given  pro- 
gram the  range  of  acceptable  parameters  may  be  determined 
by  other  factors,  e.g.  the  deposit  grain  structure.  The  con- 
centration of  argon  in  sputtered  blade  coatings  will  be 
measured,  and  evaluation  of  the  coatings  will  reveal  if  these 
concentrations  are  harmful  or  beneficial. 


PROGRAM  DESCRIPTION 

Tlie  program  consists  of  two  main  parts;  one  dealing  with 
metallic  coatings  of  the  CoCrAlY  type  and  the  other  wth 
tliermal  barrier  coating  systems  based  on  stabilized  zirconia. 

In  the  metallic  coating  section,  pins  for  burner  rig  testing 
will  be  coated  under  a range  of  deposition  parameters  and 
with  small  composition  modifications.  Tlie  objective  is  to 
produce  coatings  with  a nun  columnar  structure,  and  to  cor- 
relate tills  structure  with  coating  performance  in  the  burner 
rig.  The  principal  deposition  parameters  are  deposition 
rate,  substrate  temperature  and  substrate  (electrical)  poten- 
tial, or  bias.  The  substrate  temperature  will  depend  upon 
deposition  rate  and  bias,  unless  cooling  techniques  are  em- 
ployed. Tlie  composition  modifications  visualized  are  small 
percentage  additions  of  materials  which  will  increase  the 
amount  of  second  phase  present  under  the  deposition 
conditions,  thereby  modifying  the  grain  growth  character- 
btics.  Results  from  this  work  will  be  used  to  establish 
parameters  for  coating  of  turbine  blades  for  engine  tests. 
A sufficient  number  of  blades  will  be  coated  to  obtain 
process  data  suitable  for  the  design  of  production  coating 
equipment. 

The  objective  of  the  thermal  barrier  coating  section  of 
the  program  is  a coating  system,  with  a stabilized  zirconia 
outer  layer,  which  will  remain  bonded  to  the  superalloy 


substrate  through  the  temperature  range  encountered  by 
turbine  blading.  Several  approaches  to  this  objective  will 
be  investigated,  including  modification  of  the  thermal  ex- 
pansion of  the  zirconia,  the  establishment  of  a favorable 
stress  system,  and  the  use  of  interlayers.  Two  types  of 
interlayer  are  under  consideration-a  ductile  metal  intended 
to  absorb  the  residual  expansion  mismatch,  and  a layer  of 
graded  thennal  expansion  intended  to  distribute  the  mis- 
match over  a finite  thickness  vather  than  permitting  it  to 
occur  at  a discontinuous  interface. 

Again,  variation  of  deposition  parameters  will  be  used  to 
influence  the  properties  of  the  coatings.  Additional  param- 
eters particular  to  this  section  arc  the  thickness  and  com- 
position of  the  interlayers,  and  the  composition  and  stress 
state  of  the  zirconia. 

The  most  successful  of  these  approaches  will  be  utilized 
in  tlie  production  of  coated  pins  for  burner  rig  testing,  and 
mechanical  test  specimens. 


PRELIMINARY  RESULTS 

The  results  of  a limited  number  of  preprogram  experi- 
ments indicate  that  CoCrAlY  coatings  can  be  produced 
with  the  desired  composition  and  noncolumnar  grain  struc- 
ture. They  also  indicate  that  a very  high  order  of  coating 
adherence  can  be  obtained  without  the  use  of  high  sub- 
strate temperatures  or  post-deposition  heat  treatment.  No 
experiments  have  as  yet  been  perfonned  with  the  thermal 
barrier  coalings. 
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I.  INTRODUCTION 

P&WA^^  has  developed  over  a period  of  tire  last  5 years  overlay  coating  technology  and  in  recent  months  has 
demonstrated  production  coatings  capability  for  electron  beam  evaporated  CoCrAlY  type  materials  for  sulfidizing 
environments.  At  the  same  time  development  efforts  have  focused  on  alternate  techniques  for  overlay  coatings  by 
sputtering  and  arc  plasma  spray.  Considerable  attention  has  been  given  to  the  sputtering  process  because  of  its 
broad  materials  capability.  Extensive  efforts  aimed  toward  increasing  deposition  rates  have  not  been  as  fruitful  as 
originally  hoped.  Tlic  electron  beam  deposition  process  has  afforded  greater  short  term  capability  in  spite  of  the 
apparent  advantages  of  sputtering.  As  more  understanding  of  the  compositional  requirements  of  overlay  coatings 
become  known,  sputtered  deposits  undoubtedly  will  be  needed  to  complement  present  capability. 

We  will  address  comments  on  the  preceding  paper  flrst  to  disadvantages  of  electron  beam  vapor  deposition, 
then  to  advantages  of  sputtering. 


II.  COMMENTS  ON  DISADVANTAGES  OF  ELECTRON  BEAM  DEPOSITION 

The  line-of-siglit  restriction  of  electron  beam  deposition  has  been  cited  as  a limitation  to  the  need  for  providing 
protection  to  vulnerable  nonairfoil  areas  of  turbine  hardware.  Although  this  was  certainly  true  during  the  early 
months  of  CoCrAlY  production  it  is  now  apparent  that  P&WAYM  can  provide  shroud  and  platform  coalings  at  very 
little  extra  cost  by  articulation  of  hardware  during  coatings,  internal  passages  and  cooling  hole  exits  of  course  are 
still  restrictions,  but  they  arc  also  restrictions  in  the  sputtering  techniq’.<t;  as  '.veil. 

The  vapor  pressure  requirements  of  alloying  components  will  be  a continuing  problem  in  the  electron  beam 
vapor  process.  The  vapor  eminating  from  the  liquid  pool  is  governed  by  the  Langmuir  equation: 

Wi  = 

Wlierc  o is  the  evaporation  coefficient,  Pj  is  the  vapor  pressure  of  the  pure  element,  Xj  is  the  mole  fraction  of 
the  clement  in  question,  Jj  is  the  activity  coefficient  and  M is  the  atomic  mass.  Althougli  vapor  pressures  are  known, 
the  more  important  factors  are  the  evaporation  and  activity  coefficients  which  are  only  poorly  known  even  for 
binary  alloys.  Fundamental  studies  in  the  area  would  be  helpful  for  several  alloy  systems  of  interest. 

The  columnar  structures  cited  as  a detrimental  artifact  of  vapor  deposition  require  explanation.  It  must  be 
pointed  out  that  only  an  open  columnar  structure  is  detrimental  to  coating  performance,  that  is,  individual  grains 
separated  by  open  boundaries.  A closed  columnar  structure  can  be  grown  by  avoiding  rotation  of  the  substrate  which 
guarantees  no  shadowing  from  neighboring  crystals.  However,  it  is  apparent  that  this  is  not  a practical  alternative 
for  uniformly  coating  the  type  of  complex  turbine  components  we  arc  considering.  Gas  scattering  techniques  and 
so-called  “ion  plating”  techniques  may  provide  tlte  multiplicity  of  virtual  vapor  sources  needed  to  produce  more 
desirable  structures.  Again,  post-coating  treatments  of  current  production  CoCrAlY  suffice  to  close  an  open  colum- 
nar structure.  It  has  been  our  experience  that  these  types  of  structural  defects  can  also  be  observed  in  sputtered 
deposits  under  certain  conditions  of  substrate  temperature  and  deposition  rate,  sputtering  pressure  and  an^c  of 
incidence. 

.Material  recovery  efficiency  in  evaporation  is  low  and  could  be  considered  a restriction  for  expensive  alloy 
constituents.  However,  recently  we  have  shown  that  it  is  possible  to  recover  and  reuse,  after  melting  and  recasting, 
nearly  all  of  the  collectable  condensate  without  detriment  to  coating  performance. 
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III.  COMMENTS  ON  ADVANTAGES  OF  SPUTTERING 


Tliere  is  no  doubt  tliat  atomically  clean  interfaces  are  more  desirable  for  promoting  adherence  effects  in  thin 
films  and  such  effects  have  been  adequately  substantiated  by  othirc.  Adequately  clean  interfaces  can  be  prepared  in 
sputtering  with  no  prior  sputter  etching  provided  that  proper  substrate  preheating  is  used  followed  by  deposition  at 
the  preheat  temperature. 

Sputter  etching  may  give  rise  to  surface  roughening  that  may  be  replicated  in  the  coating  and  also  introduce 
trapped  sputteringgasesin  the  substrate  alloy.  If  coating  deposition  is  then  made  at  temperatures  below  about  400°C 
tlie  coating  may  blister  on  subsequent  heating  to  service  temperature. 

An  additional  reason  for  providing  some  substrate  heating  during  deposition  is  to  overcome  by  minimal  inter- 
diffusion the  stresses  caused  by  thennal  mismatch  between  coating  and  substrate.  Films  deposited  at  ambient 
temperature  in  excess  of  1 mil  in  thickness  are  very  prone  to  delaminate. 

Sputter  coated  blades  may  indeed  not  require  heat  treatment  from  the  standpoint  of  correcting  processing 
induced  structural  defects.  Present  experience  on  electron  beam  vapor  deposited  coatings  indicates  that  post-coating 
processing  and  heat  treatments  adequately  correct  such  deficiencies.  However,  then  are  also  indications  that  certain 
post-coating  treatments  may  provide  operating  advantages  relating  to  the  mechanism  of  corrosive  attack.  These 
requirements  may  hold  also  for  sputter  deposited  coatings.  Sputter  coated  parts  can  have  defects  caused  by  (1) 
deposition  at  improper  intermediate  temperatures  and  (2)  by  failures  to  remove  large,  that  is,  nonatomic  sized 
particles  from  the  surface.  Becuase  it  is  necessary  to  maintain  substrate  temperatures  of  at  least  400°C  to  avoid 
argon  occlusion  into  the  deposits  a means  of  heating  a large  number  of  blades  is  required  in  the  sputtering  equipment. 
Overheating  of  deposits  can  also  modify  both  coating  structure  and  composition.  Figure  1 shows  the  effect  of 
deposition  temperature  on  sputtered  CoCrAlY.  At  850°C  a typical  structure  is  observed.  However  as  substrate 
temperatures  are  increased  to  1 1 SO^’C  a single  phase  beta  structure  results  because  the  chromium,  being  less  soluble 
in  die  growing  beta  is  rejected  and  reevaporated.  As  the  flux  of  CoCrAlY  vapor  is  increased  adequate  chromium 
supersaturation  in  the  vapor  phase  near  the  surface  can  be  maintained  such  that  chromium  rich  7 phase  continues  to 
nucleate  and  grow  at  this  temperature. 

Tlic  deposition  rate  by  sputtering  of  complex  coating  alloys  will  be  governed  chiefly  by  the  thermal  conductivity 
of  tlie  alloy  and  the  presence  in  its  composition  of  low  vapor  pressure  constituents.  If  rotation  of  hardware  is  also 
required  the  effective  deposition  rate  is  the  flat  plate  rate  divided  by  tt.  Our  estimates  indicate  that  the  maximum 
reasonable  deposition  rate  for  a CoCrAlY  type  alloy  will  be  about  2 mils  per  hour  based  on  the  thermal  character- 
istics of  this  type  of  material.  Although  sputtering  maintains  an  advantage  for  deposition  of  every  conceivable  desir- 
able element  or  compound  this  advantage  is  not  available  without  sacrifice  of  deposition  rate.  Alloy  sputtering 
coefficients  are  reduced  by  presence  of  low  vapor  pressure  constituents.  Finally,  we  wish  to  point  out  that  we  are 
convinced  that  useful  coatings  can  be  deposited  by  the  sputtering  technique.  Figure  2 shows  a single  phase  NiCrAlY 
deposit  with  an  appcalingstructure  and  diffused  interface  that  demonstrated  tJic  expected  higli  temperature  oxidation 
resistance  in  test. 

In  our  view  it  is  still  desirable  to  construct  a sputtering  system  with  pilot  plant  capability  to  learn  what  prob- 
lems arc  associated  with  production  sputtering  of  thick  films  and  to  determine  the  cost  effectiveness  of  such  an 
operation.  The  most  effective  use  of  the  technique  may  well  be  as  an  initial  step  to  provide  certain  required  elements 
at  the  surface  that  can  be  incorporated  into  a coating  structure  by  subsequent  pack  cementation  processing. 

With  regard  to  thermal  barrier  coating  it  should  be  pointed  out  that  plasma  spraying  is  an  effective,  proven 
low  cost  technique  for  applying  modified  zirconias  to  stationary  components  in  gas  turbines.  Further  development 
studies  should  offer  the  100°F  increase  in  metal  temperature  suggested  to  be  desirable  for  marine  applications 
without  sacrifice  of  protcctivity  from  sulfidation  attack. 
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Discussion: 

SPUTTER  DEPOSITED  COATINGS  FOR  MARINE  GAS  TURBINES  AND  VANES 


Dr.  Gottfried  K.  Wehner 
University  of  Minnesota 


Sputtering  involves  the  transfer  of  materials  in  an  atom  by  atom  fashion.  What  is  deposited  on  a substrate 
must  have  the  same  composition  unless  something  gets  lost  in  the  process.  So  if  one  has  a closed  system  comprised 
of  concentric  spheres  one  will  come  up  with  the  sa:ne  composition  even  if  the  sticking  coefficients  of  the  deposits 
are  different  for  the  different  components.  This  is  not  the  case  with  a system  wherein  the  material  can  escape  to  other 
parts  such  as  in  a system  with  parallel  plates.  However,  as  the  size  of  the  plates  gets  very  large,  one  approaches  the 
approximate  condition  of  a closed  system. 

Sputtering  permits  deposition  of  virtually  any  compositions.  Many  things  in  the  metallurgical  field  can  now 
be  done  by  sputtering  which  are  not  possible  with  other  types  of  coating  equipment.  Transferring  materials  atom  by 
atom,  one  has  the  potential  of  developing  some  very  interesting  new  materials.  For  instance,  some  recent  sputtering 
work  with  Cu  and  Mo  has  produced  some  depositions  with  unusual  properties. 

Many  advances  in  development  and  applications  in  sputtering  have  been  made  in  recent  years.  For  instance. 
Western  Electric  has  sputtered  many  square  kilometers  of  tantalum  in  the  fabrication  of  integrated  hybrid  circuits. 
They  have  developed  equipment  such  that  the  substrates  are  continuously  fed  through  the  sputtering  system  on  a 
belt-type  mechanism. 

A classical  sputtering  application  at  least  from  the  financial  perspective,  has  been  the  coating  of  razor  blades. 
The  edges  of  approximately  50,000  razor  blades  can  be  coated  in  a single  pump  down.  However,  the  250A-thick 
razor  blade  coating  is  significantly  different  than  the  nominal  5 mil  alloy  coating  on  a turbine  blade! 

I was  amazed  to  see  the  quantity  of  sputtering  equipment  on  display  at  the  recent  Vacuum  Society  Conference 
and  exhibit  in  Chicago.  Equipment  was  available  for. '.puttering  in  all  directions  and  configurations  with  a variety  of 
techniques.  However,  Ed  McClanahan  and  his  group  at  Battelle-Northwest  have  something  unique  in  sputtering.  They 
have  developed  the  triode  sputtering  system  with  very  high  deposition  rates  over  large  surfaces.  No  such  systems  are 
commercially  available.  I think  the  potential  of  the  triode  sputter  system  is  enormous!  1 also  favor  the  triode  system 
for  research  sputtering  as  it  affords  better  control.  For  instance,  one  can  sputter  at  lower  gas  pressures  and  increase 
the  plasma  density  to  much  hi^er  values.  In  fact,  one  can  deposit  about  1S,000A  per  minute  which  can  not  be 
easily  achieved  with  the  conventional  diode  sputtering  system. 

Ten  years  ago  there  were  many  parameters  in  sputtering  that  were  so  confusing  that  the  process  was  not  well 
understood.  However,  the  picture  has  changed  considerably  in  the  past  decade  and  we  know  now  how  to  make  use 
of  many  of  these  parameters. 

Sputter  etching  or  cleaning  is  another  important  application.  But  cleaning  is  not  always  advantageous.  We 
recently  found  an  interesting  case  where  we  deposited  Mo  on  A1  substrates  in  an  ultra  high  vacuum  system.  Studies 
of  the  Mo  coating  with  Auger  Electron  Spectroscopy  showed  that  Mo  does  not  adhere  v/ell  to  the  atomically  clean 
A1  surface.  However,  when  the  Mo  is  deposited  on  oxidized  A1  the  Mo  adheres  very  well.  So  in  some  cases,  it 
appears  that  in  coating  of  metal  the  oxide  film  may  be  beneficial  for  better  adherence. 

The  columnar  structure  encountered  often  in  vapor  deposition  can  be  influenced  in  sputtering  by  biasing  the 
substrate  with  a negative  voltage.  An  interesting  approach  here  is  to  use  pulse  biasing  so  that  one  can  apply  higher 
negative  voltages  to  the  substrate  for  short  intervals  without  resputtering  off  the  substrate  more  than  arrives.  This 
interesting  possibility  has  not  been  investigated  yet.  Also,  the  effect  of  imbedded  Ar  in  the  coatings  should  be 
investigated  to  determine  its  beneficial  or  detrimental  effects.  New  surface  analysis  techniques  provide  better 
means  to  understand  what  is  going  on  the  in  sputtering  process.  For  example,  we  are  studying  sputter  deposition  in 
situ  Auger  Electron  Spectroscopy  in  order  to  identify  tlie  constituents  at  the  interfaces  responsible  for  poor  adherence. 

We  are  accumulating  a wealth  of  new  information  which  was  not  possible  4 years  ago.  With  better  under- 
standing of  the  process  one  can  foresee  much  further  progress  and  useful  applications. 
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Test  Methods  in  Hot  Corrosion 


//.  Doering 
General  Electric 
Schenectady,  New  York 


INTRODUCTION 

Testing  tlic  resistance  of  hot  sectiun  components  to 
corrosive  contaminants  in  actual  gas  turbines  under  con- 
trolled conditions  is  both  expensive  and  difficult.  As  a 
result,  a number  of  laboratory  tests  intended  to  simulate 
tlie  hot  section  environment  of  gas  turbines  have  been  de- 
signed and  used  over  the  past  25  years. 

Each  of  these  tests  has  its  own  advantages  and  limita- 
tions with  respect  to  the  chemical  and  aerodynamic  factors 
in  the  turbine  environment  and  the  capability  of  studying 
all  or  part  of  the  corrosion  reactions  that  may  take  place. 

This  paper  describes  some  of  these  various  tests, 
evaluates  their  advantages,  and  discusses  the  factors  neces- 
sary to  obtain  a better  correlation  between  results  and  the 
prediction  of  maintenance  costs  in  gas  turbines  due  to  the 
deterioration  of  hot  section  components. 

TEST  OBJECTIVES 

Tliere  appear  to  be  three  purposes  for  conducting 
both  engine  and  laboratory  tests  althougli  it  is  obvious  that 
these  are  interrelated: 


MATERIAL  SCREENING 

Althougli  a given  laboratory  test  may  not  be  capable 
of  predicting  the  precisely  quantified  corrosion  behavior  of 
alloys  and  coatings  in  a turbine,  it  can  at  least  rank  the 
relative  resistance  of  susceptability  to  a v 'cty  of  contami- 
nants. Numerous  commercial  and  development  alloys  have 
been  tested  in  a number  of  tests  for  just  tin's  purpose. 
Generally,  the  agreement  has  been  good  enougli  only  to 
identify  materials  at  either  end  of  the  corrosion  resistance 
spectrum.  Some  of  the  guidelines  for  alloy  development 
have  evolved  from  such  tests. 


TYPE  AND  LEVEL  OF  CONTAMINANT 

A further  purpose  for  testing  is  to  examine  the  effect 
of  Na,  V,  K,  Pb,  S,  Cl,  etc.  on  the  deterioration  of  one  or 
more  alloys  and  coatings.  In  addition,  varying  quantities 


and  combinations  of  such  contaminants  are  also  examined 
at  a number  of  temperatures.  The  results  of  such  tests  often 
form  the  bases  of  specifications  which  limit  the  amount  of 
contaminant  that  should  be  ingested  with  fuel  or  air  if  hot 
section  replacement  costs  are  to  be  maintained  at  an 
acceptable  level. 


MECHANISMS  AND  KINETICS 

The  examination  of  the  micromorphological  changes 
that  take  place  during  corrosion,  the  nature  of  corrosion 
products,  as  well  as  the  kinetics  of  the  surface  reactions  are 
all  obvious  purposes  of  laboratory  testing. 

It  is  generally  agreed  that  only  through  a thorough 
understanding  and  quantification  of  corrosion  reactions  can 
a rational  basis  for  material  development  and  prediction 
of  turbine  maintenance  be  obtained. 


LABOR.tTORY  TESTS: 

It  has  been  said  that  ti  rre  exist  as  many  recipes  for 
borscht  as  there  are  or  have  ever  been  Russians.  In  like 
manner,  there  are  as  many  laboratory  tests  and  versions 
thereof,  each  with  its  justifiable  purpose,  as  there  are  or 
have  been  investigators  in  this  problem  area  of  hot  corrosion. 
It  is  not  possible  to  describe  all  herein  but  rather  to  classify 
the  various  types  and  then  describe  in  a general  way  the 
relative  costs,  capabilities,  and  limitations  to  achieve  simu- 
lation as  well  as  some  of  the  factors  that  should  be  con- 
sidered in  rendering  their  results  more  relevant  to  the 
prediction  of  turbine  reliability. 

Tlie  correlation  between  material  behavior  in  an  engine 
and  that  in  a test  can  be  developed  either  empirically  or, 
if  contributing  phenomena  are  sufficiently  well  understood, 
on  a more  rational  basis. 


THE  GAS  TURBINE 

Before  one  can  assess  the  validity  of  laboratory  test 
results,  a review  of  the  environmental  factors  that  are 
known  and/or  thought  to  be  of  importance  to  corrosion 
are  needed; 
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1.  Metal  temperatures  and  fluctuations 

2.  Gas  temperatures  and  fluctuations 

3.  Gas  velocity  with  respect  to  a given  part 

4.  Gas  pressure 

5.  Metallic  contaminant  concentration,  c.g.  Na,  V,  K, 
Pb,  etc. 

6.  Chemical  potentials  of  S,  0.  Cl,  etc. 

7.  Concentration  of  abrasive  particles. 

In  addition  to  these  environmental  factors,  the  life  of 
tlic  hot  section  component  will  be  affected  by  three  design 
factors: 

1.  Allowable  metal  loss 

2.  Geometry  of  the  given  component 

3.  Material  of  construction. 

If  these  environmental  and  design  factors  arc  well 
defined,  then  it  is  possible  to  predict  under  given  operating 
conditions  and  contaminant  concentration  levels  the  fol- 
lowing: 

1.  Tlie  chenistry  of  stable  condensed  species  on  the 
metal  surface. 

2.  Tlic  probable  deposition  rate,  r/m/r/r.  of  such  conden- 
sable species  onto  the  surface  of  a hot  section  component 
of  a given  geometry  and  temperature  residing  in  a gas 
stream  of  known  pressure,  velocity,  temperature,  chemistry, 
etc. 

With  both  the  type  and  the  amount  of  condensed 
species  specified,  one  can  proceed  to  construct  laboratory 
tests  with  more  confidence  tiiat  the  results  obtained  there- 
from can  be  used  to  predict  actual  turbine  part  corrosion 
during  operation. 

HIGH  PRESSURE/VELOCITY  TESTS 

Originally  designed  for  the  development  and  study  of  gas 
turbine  con.bustors.  several  higlr  pressure  full  flow  test 
stands  have  been  constructed.  With  the  advent  of  corrosion 
problems  these  have  been  modified  to  test  materials  under 
a variety  of  temperatures  and  contaminant  levels. 

The  exact  duplication  of  the  environment  seen  by 
rotating  buckets  is  somewhat  in  question  particularly  if  one 
considers  the  effect  of  centrifugal  forces  on  liquid  deposits. 

Tlie  partial  pressures  of  all  gas  species  should  be 
exactly  the  same  as  in  a turbine  operating  at  comparable 
pressures. 

HIGH  VELOCITY  TESTS 

Tlic  velocities  generated  by  the  rigs  used  in  these 
tests  (up  to  mach  one)  were  originally  intended  to  investi- 
gate the  expected  effects  of  erosion  in  addition  to  corrosion. 
Since  these  operate  at  atmospheric  pressure,  the  duplication 
of  partial  pressures  is  possible  for  any  component  for  which 
the  partial  pressure  is  less  than  one  atmosphere  under  turbine 
operating  conditions.  Thus,  if  it  isof  interest  only  to  control 


one  such  gas  component,  e.g.  SO2,  then  these  tests  can  be 
said  to  “duplicate”  turbine  environments. 

A further  requirement  in  using  these  tests  to  duplicate 
turbine  environments  is  the  generation  and  control  of  uncom- 
busted carbon  particles.  Unless  combustion  mixtures  and 
lesidencc  times  are  similar  to  a given  turbine,  both  the 
effect  of  local  reducing  conditions  and  erosion  can  give 
misleading  results. 

Because  of  their  fairiy  higli  air  requirements,  these 
tests  remain  expensive  but  considerably  cheaper  than  higli 
pressure  tests. 

BURNER  RIG 

This  class  of  tests  will  be  defined  as  those  tests  which 
expose  the  specimen  to  combustion  products  at  atmospheric 
pressure  and  at  velocities  not  more  than  one-tenth  as  great 
as  the  velocity  in  tlie  hot  section  of  a turbine. 

These  tests  are  relatively  inexpensive,  possess  the  capa- 
bility of  testing  many  specimens  at  one  time  for  long 
periods  of  time  and  have  the  flexibility  of  exposing  speci- 
mens to  a wide  variety  of  temperatures,  gas  and  liquid  or 
solid  species. 

If  one  is  content  to  draw  more  than  empirical  correlations 
between  corrosion  rates  obtained  herein  with  burner  rigs  and 
those  in  gas  turbines,  then,  a thorougli  understanding  of  the 
chemistries  and  deposit  mechanisms  is  essential.  As  with 
higli  velocity  tests,  one  can  in  part  control  these  chemistries 
by  adjusting  contaminant  levels  and  gas  compositions. 

THERMOGRAVIMETRIC  TESTS 

These  tests  measure  the  change  in  weiglit  with  time  of  a 
specimen  suspended  in  a furnace  and  exposed  to  a pven  gas 
or  gases.  Tlie  specimens  may  be  simultaneously  coaled 
with  a deposit;  c.g.,  Na2S04.  The  changes  in  weiglit  give 
insiglit  to  tlie  kinetics  of  corrosion  reactions,  and  permit 
the  study  of  incubation  periods  and  the  effect  of  exposure 
to  changing  gas  compositions.  Tliese  tests  permit  the  expo- 
sure of  only  one  specimen  at  a lime  but  give  far  more 
information  on  kinetics  than  other  types  of  tests. 

Again,  the  correlation  of  results  with  gas  turbines  de- 
pends on  a duplication  of  the  environment  with  respect  to 
the  amount  and  chemistries  of  deposited  species  and  the 
equilibrium  partial  pressure  of  gases. 

CRUCIBLE  TESTS 


These  tests,  in  which  specimens  are  immersed  in  a crucible 
containing  molten  salt,  are  the  cheapest  and  fastest  of  all. 
The  molten  salt  composition  to  which  a specimen  is  exposed 
is  quite  variable,  while  the  control  of  gas  composition  to 
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the  specimen  is  immersed  in  tlie  salt.  Therefore,  the  results 
are  very  difficult  to  extrapolate  to  turbine  conditions.  These 
tests  are  useful  to  screen  materials  with  respect  to  corrosion 
resistance,  and  to  investigate  the  effect  of  various  combina- 
tions of  contaminants. 

Several  modifications  of  crucible  tests  are  currently  in 
use.  Tliese  include  the  measurement  of  electrochemical 
potentials  between  a specimen  and  a reference  electrode. 
Tliese  measurements  can  be  further  extended  to  make 
anodic/cathodic  polarization  measurements  to  deduce  a cor- 
rosion current,  ijorr’®'^  investigate  the  potentiodynamic 
polarization  with  the  application  of  the  potentiostat  to 
investigate  the  protective  nature  of  oxide  films. 

A furtlier  modification  is  the  addition  of  carbon  to  a 
melt  in  order  to  obtain  reducing  conditions  or  the  inter- 
mittent dipping  and  withdrawal  of  a specimen  into  a melt 
to  simulate  the  thin  films  of  deposits  that  exist  on  turbine 
parts. 


RELATIVE  MERITS  OF  METHODS 

Table  I is  compiled  to  compare  the  simulation  capabil- 
ities of  each  class  of  test  from  both  an  aerodynamic  and 


chemical  point  of  view.  In  addition,  each  class  of  test  is 
compared  with  respect  to  cost  and  speed  of  obtaining 
results. 

The  selection  of  a test  method  depends  on  what  objective 
is  sought.  The  prediction  of  engine  part  deterioration  is 
best  accomplished  by  actual  engine  tests  themselves  and  as 
a first  approximation  by  high  pressure  tests.  The  kinetics 
and  microstructural  changes  of  corrosion  in  specific  environ- 
ments can  perhaps  best  be  studied  by  TGA  experiments. 
Aqualitive  ranking  of  alloys  and  coatings  can  most  econom- 
ically be  obtained  through  the  use  of  burner  rigs  and  crucible 
tests. 

A further  consideration  in  selecting  a test  method  is 
based  on  the  comparison  of  the  cost  of  the  consequences  of 
not  having  the  correct  prediction  of  hot  section  component 
life  and  the  cost  of  making  absolutely  sure  that  the  pre- 
diction is  correct.  If,  for  example,  a turbine  manufacturer  or 
user  would  lose  SlOifhis  buckets  failed  prematurely  but  the 
cost  of  making  absolutely  sure  that  they  would  perform  as 
contracted  is  S20,  including  the  time  lost,  then  there  is  an 
obvious  basis  for  not  selecting  the  most  expensive  highest 
simulating  test.  On  the  other  hand,  if  reliability  is  of 
utmost  concern,  then  testing  of  the  turbine  itself  becomes 
mandatory. 


Table  1 

Test  Simulation  and  Cost 


Type  of  Test 

Simulation^  with  respect  to 

Cost 

Test 

Time 

Chemistry 

Acre  Dynamics 

gas^ 

s/1 3 

P* 

yS 

dm/dt^ 

Engine 

10 

10 

10 

10 

10 

1 

1 

HighPr.&Vel, 

10 

9 

10 

9 

8 

2 

2 

High  Velocity 

5 

8 

4 

9 

7 

3 

7 

Burner  Rigs 

5 

7 

3 

2 

4 

7 

8 

TGA 

5 

6 

3 

1 

2 

7 

3 

Crucible 

2 

5 

1 

1 

1 

10 

Notes: 

* Numbers  between  J & 10  based  according  to: 

1 0 = bust  simulation  of  given  factor;  lowest  cost;  shortest  test  time 
1 = worst  simulation;  highest  cost;  longest  test  time 
2gas  refers  to  partial  pressure  of  SO2,  O2,  N2,  etc. 
h/1  = solid  or  liquid  condensed  species 
V = pressure  of  system 
velocity  of  gases 

^dm/dt  = rate  of  deposit  of  condensible  species 


145 


CONCLUSIONS 

Tlie  valid  interpretation  and  extrapolation  of  results  ob- 
tained in  laboratory  tests  depends  on  an  understanding  of 
how  well  each  simulates  the  chemical  and  aerodynamic 
variables  present  in  an  engine.  Factors  such  as  gas  pressures, 
temperatures,  and  velocities  as  well  as  the  chemical  poten- 
tial of  oxygen  and  sulfur  intuitively  have  important  influ- 
ences on  the  effects  of  contaminants  on  alloys  and  coatings 
at  given  components  temperatures. 

A rigorous  correlation  between  the  behavior  of  materials 
in  iaburatoiy'  tests  and  tlic  behavior  in  engines  is  continually 


souglit.  The  Navy  is  in  a most  enviable  position  to  develop 
tills  correlation  by  conducting  a systematic  series  of  engine 
tests  with  “rainbow”  hot  section  configurations  to  evaluate 
a number  of  materials  under  identical  environments.  As  a 
first  step,  engine  tests  can  be  empirically  correlated  with 
burner  rigs,  TGA  and  crucible  tests.  But  the  extrapolation 
of  results  beyond  specific  conditions  of  engine  and  labora- 
tory tests  carries  considerable  uncertainty  unless  studies  to 
develop  kinetic  models  of  the  interaction  between  gas 
turbine  environments  and  materials  are  concurrently  devel- 
oped and  evaluated. 
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Discussion: 

TEST  METHODS  IN  HOT  CORROSION 


William  E.  Young 
Westinghouse 
Pittsburg,  Pennsylvania 

There  can  be  no  question  that  corrosion  testing  in  a gas  turbine  operating  under  service  conditions  represents 
the  ultimate  in  reliability  but  it  is  an  expensive  choice  when  one  considers  that  a modern  industrial  gas  turbine  may 
consume  over  20  tons  of  the  test  fuel  in  an  hour.  As  a result  of  the  crucible  test  was  proposed  many  years  ago  as  the 
ultimate  in  simplicity,  but  as  pointed  out  in  the  paper  the  crucible  test  departs  further  from  simulation  than  any 
other  method.  Alternatives  then  are  rig  and  passage  tests. 

Tlie  most  recent  of  the  laboratory  tools  for  studying  reaction  kinetics  is  the  TGA  and  as  the  author  states, 
simulation  may  be  rather  poor.  We  have  used  this  apparatus  as  well  as  its  compaiiion  DTA.  The  DTA  should  be  an 
excellent  tool  for  measuring  ash  fusion  temperatures  but  in  the  past  there  has  frequently  been  a problem  in  inter- 
pretation. This  problem  can  be  simplified  by  using  the  ash  fusion  apparatus  shown  in  Fig.  1.  It  is  essentially  a hot 
stage  microscope  which  has  been  used  for  more  than  20  years  examining  both  ashed  fuel  samples  and  scrapings  of 
blade  deposits.  One  can  generally  obtain  some  insight  as  to  the  deposit  forming  characteristics  and  potential  corrosi- 
tivity  of  a fuel.  Its  greatest  reliability  takes  place  with  ash  or  deposit  whose  formation  and  subsequent  stability  is 
independent  of  pressure  and  the  associated  gas  composition.  Some  thought  has  been  given  to  pressurizing  the 
furnace  and  providing  an  appropriate  combustion  gas  envelope.  This  would  make  it  a more  useful  and  reliable  tool. 

The  burner  and  rig  tests  as  pointed  out  offer  a wide  range  of  simulation,  cost,  and  reliability.  In  theory  it 
siiould  be  possible  to  exactly  simulate  engine  conditions  for  both  stationary  and  rotating  parts  although  admittedly 
it  is  usually  done  for  only  tiie  stationary.  We  have  run  both  the  low  velocity  atmospheric  pressure  rigs  and  passage 
tests  that  closely  simulate  gas  turbine  operating  conditions.  The  low  pressure  and  velocity  rigs  were  intended  for 
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screening  and  for  rating  alloys  under  a range  of  conditions.  Unfortunately  as  will  be  shown  this  screening  was  not 
always  reliable. 

Figure  2 shows  a comparison  of  results  for  three  pieces  of  test  apparatus  and  the  alloys  X45  and  U-500. 
Althougli  the  data  arc  plotted  as  functions  of  stream  velocity  it  is  likely  that  tire  pressure  also  contributed  to  the 
reversed  ratings  of  tlie  two  alloys  at  the  higiter  velocity  condition.  Similar  information  is  shown  in  Fig.  3.  Here 
X45  is  seen  to  be  one  of  the  better  alloys  as  indicated  by  the  low  pressure  low  velocity  rig,  but  )he  worst  alloy 
at  higlier  pressures  and  velocities.  Tlrcre  arc  explanations  of  these  results  based,  for  example,  on  adherence  of  the 
protective  oxide  layers,  but  these  curves  are  intended  to  show  only  that  whereas  the  simple  test  rigs  give  reliable 
ratings  for  some  alloys,  there  arc  occasional  exceptions.  It  should  also  be  mentioned  that  these  ratings  are  all  on  a 
weiglit  loss  basis.  Metallographic  analyses  sometimes  produce  different  results  as  C.  J.  Spengler  wL.  point  out  in  his 
discussion  of  tJic  last  paper  of  the  day. 


Figure  2.  Effect  of  gas  stream  velocity  on  the  oxidation  rate  of 
X-45  and  U-500  tested  at  1800°F  for  150  hours. 


Figure  3.  Effect  of  pressure  on  the  oxidation  rata  of  superalloys; 


Another  characteristic  difference  in  the  two  rigs  is  shown  by  an  examination  of  Figs.  4 and  5.  Fig.  4 seems  to 
indicate  an  incubation  period,  particularly  for  U-500.  Tliis  is  not  in  evidence  for  the  higli  pressure  high  velocity  rig 
in  Fig.  5.  In  fact,  the  indicated  rates  arc  higlier  for  the  first  200  hours  and  then  tend  to  decrease.  This  points  to  the 
possibility  of  overly  conservative  ratings  based  on  short  time  tests.  One  could  question  w'hether  or  not  the  curves 
miglit  again  change  slope  if  the  testing  time  were  to  be  extended.  Our  present  feeling  is  that  this  is  not  likely.  Extrap- 
olation of  these  curves  seems  to  fit  reasonably  well  with  field  observations  in  operating  turbines.  Unfortunately, 
we  cannot  state  conclusively  that  this  is  the  case  for  hot  corrosion.  It  is  generally  very  difficult  to  measure  and 
correlate  the  amount  of  attack  against  time  and  conditions  in  an  operating  turbine  which  may  be  experiencing  load 
variation  and  changes  in  fuel  quality.  This  suggests  another  possible  tool  for  predicting  the  occurrence  and  progres- 
sion of  attack,  the  “dipstick.” 

Figure  6 shows  the  dipstick  which  is  simply  a collection  of  sleeves  of  the  various  alloys  used  in  the  hot  section 
of  the  turbine,  mounted  on  a thermocouple  probe,  and  inserted  ncai  the  turbine  inlet.  In  theory,  this  should  give  a 
very  reliable  indication  witli  frequent  periodic  inspections  of  what  to  expect  in  the  turbine.  To  date  it  has  not  been 
completely  successful  in  its  predictions.  It  seems  to  be  quite  sensitive  to  velocity  and  temperature  profiles  in  the 
passage,  and  specimens  of  the  same  material  spaced  only  a few  inches  apart  react  quite  differently. 

Finally  I would  like  to  comment  briefly  on  Table  I which  presents  a very  interesting  comparison  and  rating  of 
the  various  test  methods.  If  one  adds  the  ratings  horizontally  for  each  type  of  test  another  column  of  unweighted 
totals  is  obtained,  namely,  52,  50,  43,  36,  27,  and  30  for  the  six  types.  The  engine  is  best  with  the  rating  of  52  as 
miglit  be  expected,  and  the  higli  pressure  high  velocity  passage,  a close  second  with  50.  However,  if  one  takes  the 
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Figur*  4.  Weight  change  of  U-500  and  X-45  alloys  oxidation 
tested  at  1B00°F  in  the  cyclic  furnace. 


Figure  6.  Dipstick. 


Figure  5.  Oxidation  rata  of  X-45  and  U-500  tested  in  the  pres- 
surized passage  at  IBOO^F  gas  temperature  and  3 atmospheres 
pressure. 


position  that  the  high  velocity  and  pressure  test  is  not  much  more  expensive  than  the  burner  rigs  (by  comparison 
with  the  engine  test)  a cost  number  of  6 miglit  be  assigned.  Similarly  the  time  to  obtain  data  is  not  far  different  from 
that  of  the  burner  rig  and  again  a 6 might  be  assigned.  On  this  basis  of  ranking  the  higli  pressure  and  velocity  rig  totals 
58  compared  to  52  for  the  engine.  It  has  won  out  by  nearly  equaling  the  simulation  of  the  engine  and  clearly  sur- 
passing it  on  the  basis  of  cost  and  time  of  test.  With  this  laboratory  technique  then,  the  investigator  is  in  a position 
to  tell  the  engine  designer  that  if  he  maintains  the  design  conditions  prescribed  by  the  test  and  if  the  turbine  user 
operates  with  the  prescribed  fuel,  trouble-free  operation  should  occur  over  the  predicted  life  of  the  turbine. 
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Discussion: 

TEST  METHODS  IN  HOT  CORROSION 


S.  J.  Dapkimas 

Naval  Ship  RAD  Center,  Annapolis,  Maryland 


Harvey’s  paper  fias  given  a general  view  of  many  things  of  wliich  we  are  well  aware  and  which  have  been 
brougiit  out  in  thes''  presentations  and  especially  in  tlie  question  ressions.  His  analysis  of  test  methods  has  concen- 
trated on  die  ability  of  laboratory  test  to  simulate  engine  conditions.  Tlie  question  of  how  much  reliance  can  be 
placed  on  these  tests  remains  to  be  answered. 

This  discussion  would,  perhaps,  be  a good  place  to  renumerate  some  of  the  points  on  testing  which  have  been 
brouglu  up  during  this  conference. 

The  question  of  a quantitative  correlation  of  laboratory  test  data  with  material  data  obtained  from  actual 
engine  testing  has  not  been  graphically  presented.  It  would  seem  that  with  the  enormous  amount  of  laboratory 
testing  done  by  engine  manufacturers  that  some  correlations  could  have  been  presented. 

It  is  not  to  be  expected  that  data  obtained  from  one  type  of  rig  test  to  another  should  be  quantitatively  cor- 
relatable.  However,  I believe  it  was  shown  in  the  round-robin  burner  rig  tests  conducted  a few  years  ago  that  results 
obtained  in  different  rigs  were  qualitatively  correlatable.  That  is  to  say,  the  general  ranking  of  alloys  was  the  same 
from  one  rig  to  another.  It  is  probably  quite  unrealistic  to  desire  that  results  from  one  rig  to  another  be  quantita- 
tively equal  since  the  various  rigs  have  been  designed  to  simulate  different  types  of  engines  under  varying  conditions. 

The  point  brougiit  up  by  Irv  Bessin  tliat  much  of  what  is  observed  after  engine  testing  may  be  an  effect  of 
transient  conditions  could  conceivably  make  the  results  obtained  by  steady-state  testing  even  more  questionable. 

The  point  of  duration  of  test  has  arisen  on  two  separate  occasions.  Mr.  Conde  has  pointed  out  that  the  com- 
parative curves  given  for  different  materials  are  often  misleading  since  they  do  not  approach  the  time  frame  normally 
associated  with  engine  operations.  The  same  question  arose  in  the  discussion  of  what  constitutes  failure  in  a coating 
test,  i.e.,  what  happens  to  base  material  when  a coating  is  penetrated.  The  same  arguments  can  be  made  for  short 
time/high  contaminant  burner  rig  tests  vs.  long  time/low  contaminant  burner  rig  tests. 

Mr.  Rausch’s  comment  that  very  much  the  same  questions  about  testing  were  asked  sbe  years  ago  and  pretty 
much  the  same  answers  given  shows  that  the  problem  we  are  dealing  with  probably  does  not  have  a simple  or  univer- 
sal solution.  However,  new  materials  have  been  developed  and  put  into  operation.  Tins  would  indicate  that  although 
laboratory  results  and  engine  testing  data  may  not  correlate  well,  we  have  learned  to  interpret  what  may  be  crude 
results  and  have,  thereby,  improved  material  properties.  We  may  well  have  reached  the  point  where  empirical  testing 
to  develop  more  corrosion  resistant  materials  is  reaching  its  limit,  in  which  case  we  may  well  be  forced  to  learn  to 
play  “Coward’s  game,”  i.e.,  developing  new  materials  from  first  principles. 

One  theme  which  has  run  throughout  this  meeting  has  been  that  in  order  to  accurately  predict  material 
behavior  in  operation  we  try  to  isolate  particular  phenomena  which  we  personally  feel  to  be  of  greatest  importance. 
This  was  evident  in  the  testing  done  by  Bernstein,  DeCrescente  and  Roth  who  have  taken  a different  approach  to 
mechanism  studies  from  that  taken  by  Conde  or  Spaciel  and  is  certainly  true  of  the  analysis  of  the  effect  of  Ar  taken 
by  Be.ssin  in  contrast  to  Young. 

Probably  the  most  productive  way  for  many  of  these  problems  of  test  interpretation  and  correlation  to  be 
resolved  would  be  to  have  more  conferences  of  this  type  or  perhaps  a round-rooin  Jest  wherein  rig  and  engine  results 
are  compared. 
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Development  of  Repair  and  Reprocess  Coatings  for 
Air  Cooled  Nickel  Alloy  Turbine  Blades 


J.  V.  Peck 

TR  W Incorporated 

Qevcland,  Ohio 


ABSTRACT 

11ic  work  described  in  this  paper,  sponsored  by  the  Air  1-orcc 
Materials  Laboratory,  was  conducted  to  develop  and  characterize 
coating  compositions,  processing  tochni<|ucs  and  resulting  properties 
for:  (1)  repair  of  localized  damage  to  diffused  aluminide  coatings 
on  nickel  base  turbine  alloys  and  (2)  re-application  of  coatings  to 
worn  turbine  blades  during  engine  overhaul. 

A multiphascd  effort  was  pursued  to  develop  a stripping  proce- 
dure for  removing  used  commercial  aluminide  coatings  and  to  develop 
a coating  process  which  could  be  used  for  both  rccoating  and  repair 
coating.  A comprehensive  test  program  was  also  conducted  to  com- 
pare the  environmental  performance  of  reprocess  and  repair  coatings 
and  to  evaluate  the  effects  of  new  coatings  on  the  mechanical  prop- 
erties of  thin  section  substrate  relative  to  the  corresponding  proper- 
ties of  the  original  coatings. 

A chemical  stripping  procedure  was  developed  for  removing 
remnant  Jo-Coat  from  B-1900  and  INCO-713C  and  CODEI*  C-2 
from  IN-100  and  U-500  without  significant  substrate  attack.  Grit 
blasting  was  found  to  be  satisfactory  for  partial  stripping  wherein 
only  surface  scale  and  oxides  re(|Uired  removal.  A vacuum  fired 
slurry  slip  pack  coating  process  using  56Cr-44A  I powder  as  a source 
material  was  developed  which  was  capable  of  affecting  both  com- 
plete recoatings  as  well  as  repair  coatings  to  locally  damaged  areas. 

Environmental  performance  of  reprocess  and  repair  coatings  was 
excellent.  However,  mechanical  properties  of  thin  section  substrate/ 
coating  composite  structures  were  markedly  debased  by  the  original 
coatings,  engine  simulated  exposure  and  rccoatings.  The  reduction 
in  properties  is  directly  related  to  a loss  in  load  bearing  cross  .section 
due  to  coating  formation,  diffusion  during  exposure  and  stripping 
plus  rccoating.  NMiile  this  effect  may  not  represent  a serious  prob- 
lem for  solid  blades  where  the  substrate-to-coating  thickness  ratio 
is  high,  it  does  suggest  a potential  problem  in  thin  section  lu-udwarc, 
such  as  cooled  coated  turbine  blades  as  well  as  vanes  where  sub- 
stratc-to-coating  thickness  ratios  arc  relatively  low. 


INTRODUCTION 

Oconoinic  pressures  and  increasing  hardware  costs  liavc 
motivated  both  commercial  and  military  aircraft  turbine 
users  and  manufacturers  to  seriously  consider  the  feasibility 
of  using  reprocessed  engine  components.  While  repair  and 
reprocessing  of  some  stationary  hardware  has  been  estab- 
lished as  an  economically  and  technologically  sound  practice, 
similar  operations  on  rotating  hardware  such  as  turbine 
blading  have  not  been  as  readily  accepted.  This,  of  course, 
is  largely  due  to  the  more  stringent  demands  placed  on  the 


mechanical  and  metallurgical  properties  of  rotating  compo- 
nents. Nevertheless,  efforts  have  been  made  over  the  past 
3 to  5 years  to  develop  procedures  and  design  data  necessary 
to  insure  safe  and  reliable  operation  of  reprocessed  turbine 
blades.  Wliile  progress  in  this  area  has  been  cautiously  slow, 
some  engine  users  are  routinely  employing  repaired  and 
recoated  parts  and  considerable  R&D  activity  is  being  aimed 
at  expanding  the  list  of  allowable  repairs  and  repairable 
parts.  In  many  instances,  engine  manufacturers  are  incor- 
porating overhaul  and  repair  technology  in  the  design  of 
advanced  engines. 

One  of  the  many  aspects  of  the  O&R  activity  is  stripping 
and  recoating  of  coated  nickel  base  turbine  blades.  It  is 
often  necessary  to  remove  a portion  or  all  of  an  aluminide 
coating  btoausc  it  is  either  spent  and  no  longer  protective 
or  its  presence  hinders  other  repairs.  In  other  instances,  it 
may  be  necessary  and/or  advisable  to  affect  a repair  of  local- 
ized damage  without  subjecting  an  otherwise  acceptable 
blade  to  complete  strip  and  recoat  processing. 

Tliis  paper  discusses  the  various  aspects  of  strip  and 
recoat  operations  relative  to  processing  as  well  as  attendant 
effects  on  recoated  substrate  environmental  performance 
and  mechanical  properties.  Tlie  major  portion  of  the  work 
upon  which  this  paper  is  based  was  performed  under  Air 
Force  Materials  Laboratory  sponsorshipL2. 


STRIPPING 

Stripping  may  be  defined  as  the  removal  of  a part  or  all 
of  a surface  coating  by  any  one  of  several  methods.  Two 
types  of  stripping  are  generally  encountered:  partial  and 
complete.  The  characteristics  of  these  processes  are  illus- 
trated in  Fig.  1.  Partial  stripping  consists  of  removing 
surface  scale  and  aluminum  oxides  leaving  a portion  of  the 
original  coating  and  a clean  surface  capable  of  accepting  an 
overcoat.  Complete  stripping,  on  the  other  hand,  removes 
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Fi0ur«  Schtmatic  illustration  of  partial  and  compittt  stripping* 


not  only  the  entire  coating  but  also  the  diffusion  layer 
between  the  coating  and  base  material  (substrate). 

Partial  stripping  can  be  most  easily  achieved  by  merely 
gr>>  blasting  under  controlled  conditions.  Using  a heat  tint 
inspecil'’*!  \tdiich  will  disclose  the  presence  of  remnant 
oxides,  grit  blast  operations  can  be  adjusted  and/or  repeated 
until  a uniform  gold  heat  tint  coloration  of  coated  areas  is 
achieved.  Subsequent  liglit  vapor  abrasion  and  a hot  water 
rinse  to  remove  heat  tint  oxides  generally  results  in  a suit- 
able surface  for  overcoating. 

Complete  stripping  can  also  be  accomplished  by  grit 
blasting  but  the  relatively  slow  removal  rate,  particularly  of 
the  thicker  (>2.0  mils)  coatings,  makes  tin’s  operation  slow 
and  expensive.  In  addition,  efficient  grit  blasting  can  pro- 
duce uneven  removal  and  create  considerable  damage  to 
exposed  substrate  surfaces  as  well  as  excessive  stock  removal 
if  not  precisely  controlled. 

Consequently,  most  complete  stripping  operations  at- 
tempt to  utilize  chemical  solutions  which  readily  attack  the 
remnant  nickel  aluminide  and,  at  the  same  time,  are 
relatively  passive  with  regard  to  the  substrate  material. 
Ideally,  a stripping  solution  should  be  totally  inert  :cla>ive 
to  the  substrate  and  highly  active  relative  to  the  coating. 
Unfortunately,  such  ideal  solutions  arc  not  available.  In  the 
AFML  program,  an  attempt  was  made  to  provide  a stripping 
bath  which  would  attack  the  aluminide  at  a rate  which 
would  allow  economical  operation  yet  be  slow  enough  that 
substrate  attack  in  areas  of  thin  coatings  and  uncoated  root 
sections  would  be  limited  to  less  than  0.5  mil. 

Several  commercial  stripping  products  were  evaluated  on 
as-coated  and  oxidation  exposed  coated  nickel  base  alloys 
and  found  to  produce  either  excessive  substrate  attack  or 
were  unable  to  remove  the  diffusion  zone  (sigma  + carbide). 


A laboratory  stripping  bath  was  developed  which  combined 
nitric  acid  and  a commercial  product,  Turco  Nitradd,  with 
procedures  shown  in  Table  I.  This  process  completely 
removed  the  coating  and  diffusion  zone  in  about  1 hour 
with  virtually  no  substrate  attack  as  shown  in  Fig.  2.  Expo- 
sure beyond  one  hour  (1 .5  hours)  produced  substrate  attack 
to  a depth  of  only  0.2  mil.  Subsequent  vapor  abrasion  to 
remove  the  smut  resulting  from  the  strip  also  removed  the 
affected  substrate.  Tlie  results  obtained  with  this  procedure 
and  stripping  bath  duplicated  results  obtained  with  other 
proprietary  procedures  developed  by  the  engine  manufac- 
turers which  obviously  cannot  be  described  in  this  paper. 

The  above  procedure  and  most  other  processes  require 
the  removal  of  surface  oxides  which  markedly  resist  the 
corrosive  action  of  the  strip  bath.  Tliis  present  limitation, 
which  must  be  resolved,  presents  no  particular  problem 
when  dealing  with  solid  hardware  since  such  hardware,  if 
not  previously  cleaned  for  inspection,  may  be  easily  pre- 
pared for  chemical  stripping  by  grit  blasting.  The  limitation 
does  become  a real  problem,  however,  when  processing 
hollow  hardware,  particularly  those  designs  containing  very 
line  passages.  Not  only  must  grit  abrasion  be  avoided 
because  of  the  danger  of  entrapping  particles,  but  internal 
passages  cannot  be  adequately  cleaned  by  mechanical  means. 
Thus,  there  remains  a need  for  stripping  procedure  which 
will  attack  substrate  and  coating  oxides  and  one  which 
does  so  in  a manner  that  will  not  result  in  the  fonnation  of 
adherent  smut  or  large  scale  particles. 

As  the  process  description  implies,  stripping  results  in 
stock  removal  to  varying  extents.  Generally,  an  aluminide 
coating  adds  to  overall  part  dimensions  and  also  reduces 
tlie  thickness  of  the  unaf^fected  substrate.  For  example,  a 
3 mil  coating  may  be  expected  to  add  2 mils  per  side  to  the 


Table  I 

Laboratory  Stripping  Procedure 

j . Dry  blast  with  320  grit  AI2O3. 

2.  Immerse  in  stripping  solution. 

Solution:  Nitric  acid-30%  volume. 

Turco  4104  - 1.0-  1.5%  by  volume. 

Temperature:  Room  temperature. 

Time:  1.5  hours. 

Agitation:  Mixer. 

3.  Spray  rinse  to  remove  smut. 

4.  Vapor  blast  to  clean  up  using  Novaculite  625  at  70 
psi  open  line  pressure. 

5.  Rinse. 

6.  Dry. 
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c)  Stripping  Time:  !,0  Hours  d)  Stripping  Time:  1.5  Hours 

Figure  2.  Effect  of  stripping  time  on  coating  removal  using  Nitric  Acid  + Turco  Nitradd  (500X,  Approx.) 


overall  tliicknessami  reduce  the  substrate  thickness  by  I mil 
per  side.  Depending  on  the  aluminum  content  of  the  coat- 
ing, the  substrate  thickness  will  be  further  reduced  by  in- 
ward aluminum  diffusion  during  higli  temperature  usage. 
Tlierefore,  complete  stripping  of  a three  mil  coating  after 
sufficient  higli  temperature  exposure  may  be  expected 
to  result  in  a total  stock  removal  of  4 to  5 mils  per 
side,  2 to  3 mils  of  which  would  be  coating  affected 
substrate. 

Since  aluminide  coatings  arc  considered  to  be  non-load 
bearing,  coating  and  complete  stripping  may  be  expected  to 
reduce  the  load  bearing  thickness  of  the  base  metal  by  a 
total  of  4 to  6 mils.  This  coupled  with  another  2 to  3 mils 
per  side  loss  due  to  subsequent  recoating  and  exposure 
could  easily  reduce  the  load  bearing  cross  sectional  thickness 
by  as  much  as  1 2 mils.  Experimental  work  on  commercially 
coaled  alloy  specimens  which  were  exposed  in  air  to  ITSO^F 
for  extended  periods  indicated  total  thickness  losses  in  the 


range  of 4 to  5 mils/sidc.  Subsequent  work  on  actual  engine 
operated  turbine  blades  indicated  that  a loss  of  3 to  4 mils 
per  side  could  be  expected.  In  this  work,  the  chord  widths 
of  about  400  blades  were  measured  before  and  after  strip- 
ping. The  average  loss  of  pre-stripped  chord  width  was  7 
niils'.i.c.,  3.5  mils/sidc. 

In  view  of  the  above  discussion,  complete  stripping  should 
l)c  approached  with  some  degree  of  caution.  Firstly,  it 
should  only  be  used  when  necessary.  Partial  stripping  is  an 
attractive  alternate  since  it  does  not  remove  substrate  stock 
and  the  remnant  coating  is  considered  an  impediment  to 
furtiier  diffusion  into  the  substrate  from  the  recoat.  Sec- 
ondly, the  complete  stripping  operation  must  be  done  with 
sufficient  control  so  as  to  minimize  unnecessary  substrate 
stock  removal.  Tliirdly,  turbine  blades  should  be  dimen- 
sionally checked  prior  to  complete  stripping  to  insure  the 
presence  of  sufficient  stock  to  accommodate  the  inherent 
losses. 
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RECOATING 


A properly  stripped  b'  lde  or  va.ie  may  be  recoated  in 
mucii  the  same  matme.  as  original  hardware.  In  general, 
completely  s»rippcd  hardware  will  be  recoated  in  exactly 
die  same  maimer  as  new  hardware,  whereas  partially  stripped 
hardware  re()uircs  a somewhat  thinner  coating  to  assure 
meeting  maximum  specified  dimensions. 

In  the  work  conducted  by  TRW  lor  the  AFML,  a coating 
system  was  desired  which  could  be  used  as  an  overcoat 
(recoat)  as  well  as  a repair  coat.  For  this  application  a 
slurry  slip  pack  coating  was  selected.  This  process  consists 
of  applying  a slurry  comprised  of  Cr-Al  alloy  pow'der  sus- 
trended  in  a lacquer  to  the  surfaces  of  the  hardware  by 
either  spraying,  dipping  or  troweling;  the  latter  being  more 
appropriate  foi  affecting  repairs  of  local  coating  damage. 

After  applying  the  slurry,  the  piece  is  heated  slowly  to 
about  800°F  in  vacuum  to  drive  off  the  organic  vehicle. 
After  about  1 5 minutes  at  SOO^F,  the  evacuated  chamber  is 
back  filled  with  argon  to  a pressure  of  150  torr  and  the 
w'ork  heated  to  1950‘’F  and  held  at  temperature  for  about 
1.0  hour.  Since  this  process  produces  a coating  rich  in 
Ni2Al3  and  NiAl3,  the  work  is  subsequently  diffusion  heat 
treated  at  one  atmosphere  and  1950°F  for  an  additional 
three  hours  to  diffuse  the  aiumiu..m  into  the  substrate  and 
thereby  convert  the  coating  to  predominantly  NiAl. 

The  microstructures  of  a recoated  nickel  base  alloy  after 
partial  and  complete  stripping  are  shown  in  Fig.  3.  The 
coatings  are  basically  the  same  with  the  exception  that  the 
recoat  on  partially  stripped  substrate  is  slightly  thicker,  the 
diffusion  zone  somewhat  thicker  and  coarser  and  there  are 
more  carbides  within  the  NiAl  matrix.  It  is  suspected  that 
die  carbides  in  the  recoat  on  partially  stripped  substrate 
arc  traceable  to  the  original  coating.  They  appeared  in  all 
overcoats  regardless  of  substrate  or  original  coating. 

Simulated  repair  coatings  were  produced  by  creating  a 
defect  in  an  original  coating  and  subsequently  oxidizing  the 
defected  specimen.  After  oxidation  exposure  the  defected 
area  was  grit  blasted  with  a fine  stream  of  abrasive  from  a 
0.018  inch  diameter  nozzle  to  remove  oxidation  products. 
A slurry  of  coating  material  was  applied  to  the  defect  area 
by  troweling  and  the  part  heat  treated  as  described  prevF 
ously.  Tlie  repair  coating  sequence  is  shown  in  Fig.  4. 

A typical  microstructurc  is  presented  in  Fig.  5.  in  the 
most  severe  case  wherein  the  substrate  was  penetrated  by 
die  damage/oxidation/cleaning  sequence,  a surface  depres- 
sion of  between  5 and  8 mils  resulted.  On  the  other  hand, 
when  damage  was  repaired  prior  to  oxidation,  a surface 
depression  less  than  0.5  mil  was  encountered  as  shown  in 
Fig.  6. 

ENVIRONMENTAL  PERFORMANCE 

Coupon  specimens  of  each  coated  alloy  were  oxidized 
then  partially  or  completely  stripped,  recoated  with  the 


Rft(Yi«nt  Slip  P4Ck 


b)  Conpltuly  Stripped 

Fiyure  3.  At(Cr)  recoated  oxidized  nickel-base  alloys,  etched, 
I500X,  Approx.) 

slurry  Al(Cr)  system  and  subjected  to  static  oxidation  at 
1750°F  along  with  as  origiiudly  coated  specimens.  The 
results  shown  as  total  weiglit  change  after  the  indicated 
exposure  times  are  summarized  in  Table  II.  The  recoated 
BI900  exhibited  essentially  the  same  oxidation  behavior 
as  the  original  coating.  Recoated  lN-100  exhibited  about 
the  same  weiglit  gain  as  B1900  after  150  hours;  however, 
compared  to  the  original  coating,  a significant  reduction  in 
oxygen  pickup  was  noted.  Metallographic  examination  of 
die  specimens  after  exposure  indicated  no  substrate  attack 
and  a remnant  coating  having  considerab additional 
protective  potential. 

Hot  corrosion/sulfidatioii  resistance  was  determined  in  a 
0.6  Mach  test  rig  (Fig.  7)  which  simulates  an  engine  environ- 
ment. To  accelerate  the  corrosion  attack,  sulfur  is  added 
to  the  Jet  A fuel  (0.4  w/o)  and  synthetic  seawater  is  in- 
jected into  the  combusted  gases  (35  ppm  chloride). 
Temperature  is  regulated  by  fuel/air  ratio  control  to 
provide  a seven-minute  cycle  consisting  of  the  following 
profile: 

1 minute  heatup  + 2 minutes  at  1750®F+ 

1 minute  heatup  + 1 minute  at  2050°F+ 

2 minutes  air  cool. 
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As-App I i ed 


Bisque  Renoved 


Figure  4.  ReiMir  coating  sequence. 


Figure  5.  Repair  coating  on  severely  damaged  and  oxidized 
coating,  100X.  (Approx.) 


Figure  6.  Repair  coating  on  a damaged  specimen  which  was  repaired 
prior  to  oxidation  exposure,  100X.  (Approx.) 


Prior  to  stripping  and  rccoaling,  test  specimens  were  rig 
tested  for  a period  of  time  approximately  75  percent  of  the 
normal  coating  life  under  the  above  test  conditions.  The 
results  of  these,  summarized  in  Fig.  8,  show  the  recoat  to  be 
as  effective  as  the  original  coating.  Differences  between 
the  lives  of  partially  and  completely  stripped  specimens  arc 
considered  insignificant  as  they  arc  within  a noimal  scatter 
range. 


Thermal  shock  tests  conducted  in  the  rig  shown  in  Fig.  8 
consisted  of  heating  airfoil  shaped  specimens  to  1750°F  in 
60  seconds  and  air  blasting  for  30  seconds.  Scpcinicns  were 
cycled  to  failure  which  generally  consisted  of  substrate  expo- 
sure caused  by  coating  cracking  and  spallation.  The  results 
indicate  that  the  rccoatcd  life  of  BI900  was  about  88%  of 
the  original  coating  life  and  the  life  of  rccoatcd  IN-IOO  was 
about  50'%-  of  the  ''.riginal  coating. 


Table  II 

1750°F  Static  Oxidation  Resistance  of  Recoated  Ni  Base  Alloys 


Substrate 

Condition 

Exposure  Time  (hrs) 

A W Mg/cm^ 

B1900 

Original  Coating 

500 

+0.3 

B1900 

Partial  Strip  & Rccoat 

500 

+0.3 

B1900 

Complete  Strip  & Recoat 

500 

+0.2 

lN-100 

Original  Coating 

150 

+1.3 

IN-100 

Partial  Strip  & Rccoat 

150 

+0.5 

IN-100 

Complete  Strip  & Recorn 

150 

+0.5 
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HOT  GAS  CORROSION  Life 


MECHANICAL  PROPERTIES 
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I I ORIGINAl  COATING 
^ AS  COATED  + PARTIAL  STRIP  ♦ RECOAT 
AS  COATED  + COMPLETE  STRIP  ♦ RECOAT 
E53  RIG  EXPOSED  ♦ PARTIAL  STRIP  + RECOAT 
ES3  *'>0  EXPOSED  + fOMPlEIE  STRIP  ♦ RECOAT 
Figure  8.  Hot  got  erotion/corrosion  resittanc*  of  raprocMtad 
coatings. 


COATED  BI900 


li 


COATED  INIOO 


Tlic  nieclianical  properties  of  coated  and  recoated  base 
metal  were  calculated  on  the  basis  of  original  substrate 
dimensions  so  as  to  illustrate  the  reduction  in  load  bearing 
area  caused  by  the  various  strip  and  recoat  processes. 
Representative  1 800°F  tensile  and  stress-rupture  properties 
are  shown  in  Tables  111  and  IV,  respectively.  Coated  B1900 
exhibited  a progressive  degradation  due  to  coating  and  expo- 
sure. Stripping  and  recoating  produced  no  further  degrada- 
tion of  the  oxidized  properties  but  failed  to  restore  as-coated 
strengths.  Coated  IN-1 00  system  also  displayed  a loss  in 
strength  due  to  coating  with  no  further  degradation  due  to 
oxidation  exposure.  Strip  and  recoat  operations  provided 
a modest  increase  in  strength.  Tensile  ductility  was  sub- 
stantially reduced  by  the  strip  and  recoat  operation.  This, 
however,  may  be  characteristic  of  the  coating  rather  than 
due  to  the  processing  itself. 

The  stress-rupture  lives  at  1 800°F  and  20  ksi  exhibited 
the  same  general  pattern  as  tensile  strengths.  The  rupture 
ductility  of  the  specimens,  however,  did  not  reflect  a loss 
due  to  coating  or  recoating,  but  an  increase.  The  increase 


Tabic  III 

1 800°F  Tensile  Properties 


Coating/Substratc 

Condition* 

U.T.S. 

(ksi) 

0.2%  Y.S. 
(ksi) 

Elongation 

Jci  Coat/B1900 

Uncoated 

64.2 

49.6 

10.0 

Coated 

57.5 

4-4.0 

8.6 

Coated  + Oxid. 

49.8 

37.9 

5.0 

C+OX+P.S.+R.C. 

52.8 

38.4 

4.2 

C+Ox+C-S.+R.C. 

50.1 

40.3 

1.8 

CodepC-2/IN-IOO 

Uncoated 

56.3 

41,2 

5.6 

Coated 

53.7 

38.5 

9.2 

Coated  + Oxid. 

54.0 

39.1 

3.7 

C+Ox+P.S.+R  C. 

58.8 

48.6 

3.5 

C+Ox+C.S.+R.C. 

54.5 

49.4 

1.9 

*B1900  oxidation  exposed  (Oxid)  at  1750°F/500  hrs. 
INIOO  oxidation  exposed  (Oxid)  at  1750°I7I50  hrs. 
C - Coated. 

Ox  - Oxidized  as  above. 

P.S.  - Partial  Strip. 

C.S.  - Complete  Strip. 

R.C.  - Recoated-SIurry  Slip  Paek  Process, 
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Table  IV 

I800°F  Stress  Rupture  Data  (20  KSI) 


Coating/Substratc 

Condition* 

Life  (hrs) 

Elongation  (%) 

Jo-Coat/B1900 

Uncoated 

172.7 

4.5 

Coated 

141.9 

8.7 

Coated  & Oxid. 

39.2 

9.4 

C+Ox+P.S.+R.C. 

74.2 

11.4 

C+O.X+C.S.+R.C. 

61.7 

12.0 

Codep  C-2/IN-100 

Uncoated 

147.9 

2.0 

Coated 

96.1 

7.6 

Coated  & Oxid. 

64.0 

6.1 

C+OX+P.S.+R.C. 

50.9 

7.3 

C+Ox+C.S.+R.C. 

45.6 

6.4 

*H1900  oxidation  exposed  (Oxid)  at  1750°l-/500  lirs. 
IN*1 00  oxidation  exposed  (Oxid)  at  1750®IV150  lits. 
C - Coated. 

Ox  - Oxidized  as  above. 

P.S.  - Partial  Strip. 

C.S.  - Complete  Strip. 

R.C.  -Rceoatcd-SIurry  Slip  Pack  Process. 


in  rupture  ductility  witli  corresponding  loss  in  load  bearing 
ability  suggests  that  the  thermal  treatments  experienced  by 
the  substrate  during  coating,  oxidation  exposure  and  re- 
coating  arc  influencing  its  properties.  The  low  tensile  duc- 
tility, on  the  other  hand,  may  be  the  result  of  a strain  rate 
sensitivity  of  the  coating. 

In  an  attempt  to  determine  the  effects  of  a strain/oxida- 
tion environment  on  subsequent  rccoat  properties,  coated 
BI900  was  prestrained  to  a permanent  elongation  of  1.5% 
at  1 800°F,  oxidized  at  I TSO^F  for  500  hours,  stripped  and 
rccoatcd  and  finally  tested  for  stress  rupture  life.  On  actual 
turbine  blades,  the  maximum  allowable  total  stretch  varies 
from  0.01  to  0.02  inch  for  3 to  4 inch  chord  lengths.  Con- 
sidering a 3.5  inch  chord  length,  a permanent  strain  of  1.5% 
as  used  in  tin's  work,  would  produce  a stretch  of  0.053  inch; 
i.e.,  a stretch  2 to  5 times  greater  than  allowed. 

The  results,  a portion  of  which  arc  shown  in  Fig.  9, 
indicate  that  prestraining  generally  increased  stress  rupture 
life  and  reduced  rupture  elongation.  The  apparent  improve- 
ment in  strength  properties  and  reduce,  ductility  must  be 
related  to  changes  which  occurred  in  tnc  substrate  since 
any  coating  related  effects  were  removed  by  stripping.  It  is 
possible  that  prestraining  produced  a strain  induced  grain 


boundary  precipitation  of  cai bides  which  w'cre  not  solu- 
tioned  during  the  recoating  and  diffusion  thermal  cycles  and 
act  to  pin  grain  boundaries  to  improve  creep  and  stress- 
rupture  properties  while  reducing  elongation  at  rupture. 


RECOATING  BLADES 

Several  engine  operated  blades  of  the  type  shown  in 
Fig.  10  were  stripped,  repaired  and  rccoatcd.  The  blade  in 
the  center  of  Fig.  10  contained  a leading  edge  crack  which 
was  blended  out  (not  to  specification)  and  the  blade  on  the 
riglit  is  air-cooled  with  no  coating  on  the  internal  passages. 

The  blades  were  grit  blasted  to  remove  surface  oxides, 
stripped  using  previously  described  techniques  and  coated 
by  the  slurry  slip  pack  process.  The  hollow  blade  was  coated 
on  the  inside  surfaces  during  rccoat  by  packing  fine  Cr-Al 
alloy  powder  into  the  cavities.  The  dry  powder  v^'s  the  same 
as  used  to  prepare  the  slurry.  The  resulting  blades  arc  shown 
in  Fig.  1 1 . 

Wliilc  this  exercise  was  performed  to  demonstrate  the 
capability  of  the  stripping  and  rccoating  operations,  tlic 
effects  of  these  operations  on  the  hollow  hardware  were  of 
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pariiailar  concern.  In  tlie  as-received  (engine  operated) 
condition,  die  internal  surfaces  contain  subsurface  and  sur- 
face o.\ides.  whereas  the  outer  surfaces  contain  appreciable 
remnant  coating  as  shown  in  Fig.  1 2.  The  appearance  of 
die  blade  and  coating  niicrostructure  indicates  that  these 
blades  were  removed  from  service  for  reasons  unrelated 
to  the  coating.  In  other  words,  had  coating  deple- 
tion been  the  dominant  reason  for  scrapping  this  blade, 
one  would  e.'cpect  appreciably  more  o.\idation  on  internal 
surfaces. 

The  appearance  of  the  surfaces  after  .'iripping  and 
rccoating,  Fig.  13,  indicate  a normal  coating  structure 
on  the  outer  surfaces.  The  internal  surfaces,  how- 
ever, contain  o.xides  in  the  coating  which  ate  attributed 
to  those  caused  by  engine  usage  and  which  were  not 
removed  by  stripping.  While  the  amount  of  oxides 
showai  in  Fig.  13  may  not  appear  to  be  particularly 
troublesome,  it  should  be  rccmphasi/.cd  that  this  blade 
was  not  removed  from  service  because  of  a coating 
problem. 


SUMMARY 

This  paper  has  attempted  to  summarize  work  done  in  the 
laboratory  at  TRW  for  the  AFML  and  to  indicate  areas 
which  require  additional  efforts.  Stripping  and  recoating  of 
solid  hardware  can  be  accomplished  by  relatively  conven- 
tional methods.  The  work  reported  herein  utilized  labora- 
tory stripping  techniques  and  a coaling  which  while  a 
development  coating  (not  conimercial)  is  considered  repre- 
sentative of  those  systems  being  currently  used  on  the 
majority  of  turbine  blades.  It  must,  therefore,  be  empha- 
sized that  the  other  coatings  can  and,  in  many  cases  ,arc 
being  used  as  reprocess  coatings. 


(a)  Hole 


(b)  Outside  Surface 


(b)  Outside  Surface 


Figure  12.  Ertgine  operated  cooled  turbine  blade  showing  absence 
of  coating  on  hole  surfaces  and  outside  surface  coatirg,  SOOX. 
(Approx.) 
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Figure  13.  Stripped  and  recoated  engine  operated  blade.  Stripped 
with  Nitric  end  Turco  solution  and  racoated  with  slip  pack  AKCr), 
SOOX,  (Approx.) 


Three  areas  of  particular  concern  require  additional  R&D 
activity.  The  first  deals  with  the  effects  of  exposure,  strip- 
ping, recoating  and  reexposure  on  mechanical  properties 
of  the  substrate/coating  composite  structure.  Substrate 
stock  losses  associated  with  recoating  as  well  as  superimposed 
tliermal  effects  must  be  correlated  with  section  thicknesses. 
Tlie  influence  of  substrate  losses  on  the  strengtlis  of  various 
substrate  thicknesses  is  dramatic  as  sliown  in  Figs.  14 
and  15,  particularly  in  the  thin  sections  encountered 
in  hollow  hardware.  These  curves  illustrate  theoretical 
losses  in  tlie  load  carrying  ability  of  reprocessed  sub- 
strates relative  to  their  original  capability  ignoring  heat 
treat  effects. 

The  second  area  requiring  considerable  attention  is 
stripping.  Processing  procedures  and  stripping  solutions 


Figure  14.  Effect  of  lubstrete  thichnett  reduction  on  the  loed 
beering  ability  of  the  eubstrete. 


must  be  developed  which  will  remove  surface  oxides  and 
aluminide  coatings  with  no  substrate  attack  and  without 
tlie  use  of  abrasives.  Furthermore,  stripping  solutions  must 
be  such  as  to  affect  a solutioning  of  oxides  and  coating  as 
opposed  to  descaling  to  prevent  entrapment  of  particles 
within  the  passages  of  hollow  hardware. 

The  tliird  area  involves  hole  coating.  Large  cavities  and 
passages  may  be  coated  by  placing  powders  into  them  and 
affecting  a diffusion  coating.  However,  the  more  intricate 
design  of  high  performance  blades  and  vanes  utilizing  a 
multitude  of  very  small  holes  and  passages  preclude  such 
coating  techniques.  A new  process  is  therefore  needed  to 
uniformly,  reliably,  efficiently  and  economically  coat  holes 
and  passages  which  does  not  require  the  introduction  of 
particulate  material. 


Figur*  15.  Effect  of  original  lubctrata  thicknati  on  the  raciuction  in 
load  bearing  ability  par  unit  thicfcnaaa  low. 
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The  AccuRay  KET*  Process  for 
the  Detection  of  Microdefects 
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Columbus,  Ohio 


The  determination  of  the  niaxiinuni  time  between  ovcr- 
haul  of  jet  engines  is  set  principally  by  two  differing  types 
of  engine  wear.  If  mechanical  damage  and  abuse  arc  ne- 
glected, an  engine  will  require  overhaul  at  a point  where 
incremental  wear  items  are  at  their  maximum  limits.  Tur- 
bine blade  coatings,  bearmgs,  accessory  drives,  and  burner 
cans  are  all  typical  of  subsystems  that  age  progressively  in 
engine  operation  to  the  point  that  overhaul  is  indicated. 
This  type  of  wear  is  characterized  by  its  predictable  nature 
and  freedom  from  catastrophic  failures.  Wliilc  these  aging 
parts  do  affect  overhaul  life,  it  is  die  structural  strength  of 
rotating  components  that  generally  determines  the  time 
between  overhaul  (TBO)  of  modern  day  jet  engines. 

Failure  of  any  rotating  component  alntost  invariably 
results  in  an  in-fliglit  shutdown,  if  not  the  near  catastrophic 
destruction,  of  the  engine  and  possibly  adjacent  airframe. 
The  consequences  of  in-flight  mechanical  failure  arc  such 
diat  the  airline  industry  and  the  government  have  essentially 
set  “zero”  as  a target  goal  for  incidence  ofin-fliglit  failure. 

Considering  the  number  of  parts  in  an  engine  and  the 
broad  distribution  of  statistical  fatigue  failure,  it  is  very 
obvious  that  a few  “early  failures”  become  the  controlling 
element  in  determination  of  engine  overhaul  periods. 

The  TBO  is  highly  dependent  on  the  incidence  of  in- 
fligiit  failure  wiiich  relates  directly  to  the  maintenance  facil- 
ity’s ability  to  spot  and  remove  defective  parts  during  over- 
haul. An  operator  is  torn  between  an  ultra-conservative 
approach  in  wiiich  he  dirows  away  everything  and,  essen- 
tially, assembles  a new  engine  from  parts  around  an  old 
serial  number,  and  an  approach  which  places  a heavy  reli- 
ance on  nondestructive  inspection  tcchniques-replacing 
only  those  parts  which  have  demonstrable  defects.  Such  an 
obvious  procedure  has  two  main  drawbacks.  Present  non- 
destructive inspection  techniques  are  unable  to  give  reliable 
results  when  operated  at  the  limits  of  their  sensitivity,  and 
the  limits  of  the  detection  sensitivity  may  be  too  clotz;  to 
failure  of  the  part  to  do  much  more  with  the  information 
than  use  it  to  discard  obviously  bad  parts. 

In  any  critical  part,  the  period  between  inspections  can 
never  exceed  the  time  between  detection  probability  and 
failure-and  this  period  in  practice  must  be  reduced  to 
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achieve  some  safety  factor.  To  illustrate,  fluorescent  dye 
penetrant  can  detect  turbine  disc  cracking  at  some  75%  of 
the  fatigue  life;  if  the  shortert  life  that  can  be  expected  is 
10,000  hours,  then  discs  with  over  7,500  hours  would  have 
to  be  limited  to  some  number  less  than  2,500  hours  in  any 
succeeding  overhaul  period  to  preven*  74%  disc  passing 
inspection  with  a forecast  life  of  only  2,500  hours.  This,  in 
itself,  would  nut  be  objectionable  if  all  discs  had  about  the 
same  forecast  life,  but  one  major  jet  engine  manufacturer 
has  suggested  that  if  he  could  reliably  detect  3%  early 
failure  turbine  discs,  it  could  extend  the  fleet  time  limit  of 
this  part  by  a factor  of  four.  The  common  thread  in  all  of 
these  determinations  is  the  time  at  which  the  “age”  of  a 
part  can  be  predicted  reliably. 

With  good  sensitivity,  not  only  the  damage  can  be 
measured  but  with  knowledge  of  parts  service  time  to  date, 
the  3%  which  brings  down  service  life  of  the  group  also  can 
be  found.  As  tlie  margin  between  detection  and  failure 
grows,  so  docs  the  probability  that  the  part  can  be  reinstalled 
regardless  of  the  total  life  of  the  part.  The  airlines  today 
have  millions  of  dollars  of  parts  in  warehouses  which  fit 
into  this  special  division  of  purgatory-parts  which  they 
cannot  prove  to  be  bad,  but  which  they  also  cannot  prove 
to  be  good.  This  paper  is  about  a new  process  which  has 
the  sensitivity  necessary  to  give  a sound  engineering  basis  for 
continuing  these  parts  in  service. 

Four  years  ago.  Industrial  Nucleonics  began  working  on 
a radioactive  gas  penetrant  inspection  technique  that  now 
offers  a significant  improvement  in  nondestructive  inspection 
for  critical  part  evaluation  and  may  lead  to  a means  of  using 
productively  the  phenomenon  known  as  low  cycle  fptigue. 

Cracks,  as  they  arc  known  in  the  aircraft  industry,  arc 
actually  a manifestation  of  part  failures  rather  well  along  in 
the  aging  process.  Generally  speaking,  cracks  having  lengths 
of  1/32  inch  and  some  reasonable  depth,  of  say  5-10  mils, 
can  be  delected  witli  conventional  nondestructive  inspec- 
tion techniques.  However,  before  these  “large”  cracks 
appear,  the  material  undergoes  metallurgical  changes  wliich, 
at  about  3040%  of  the  fatigue  life,  present  themselves  as 
microcracks-cracks  having  dimensions  measured  in  mil- 
lionths of  an  inch  with  depths  nearer  to  1/2  to  1 mil. 

Typically,  cracks  which  can  be  delected  with  higli  reso- 
lution dye  penetrants  are  those  produced  in  the  last  30%  of 

Preceding  page  blank 


165 


life.  Parts  with  cracks  tliis  large  are  actually  in  the  early 
stages  of  failure. 

The  AccuRay  KET  radioactive  gas  penetrant  process 
takes  advantage  of  the  fact  that  all  materials  have  surface- 
adsorbed  gases  which  can  be  replaced  with  radioactive  gases. 
Tlie  concentrations  of  these  gases  in  cracks  and  porosity 
are  detectable  using  conventional  film  autoradiography  or 
electronic  scanning. 

Presently,  the  process  is  being  run  as  a batch  operation 
with  the  following  major  steps  being  taken.  The  parts  to 
be  inspected  are  loaded  into  a pressure  tiglit  container  which 
is  evacuated  to  a normal  laboratory  vacuum.  The  parts  are 
allowed  to  outgas  for  30  to  60  minutes.  Kr-8S  (actually, 
95%  Kr-84  and  5%  Kr-85)  is  admitted  to  the  chamber  at 
room  temperature.  After  a brief  soaking  in  krypton,  the 
gas  is  removed  and  the  parts  arc  readied  for  imaging  (Fig.  1). 
The  sensitivity  of  this  process  when  compared  to  other 
techniques  is  almost  frightening  to  a material  scientist. 

Inherent  in  a system  capable  of  measuring  defects  with 
dimensions  measured  in  millionths  of  an  inch  is  the  require- 
ment for  some  enlargement  of  the  image.  A crack  that 
small  cannot  be  seen  visually,  so,  logically,  it  is  assumed 
tliat  its  image  cannot  be  seen  unless  it  is  enlarged  by  some 
large  factor. 

The  nuclear  character  of  our  penetrant  solves  this  prob- 
lem for  us  very  neatly.  Unlike  visible  liglit,  the  radiation 
given  off  in  a crack  is  not  constrained  to  a free  path  but  can 
pass  througli  a small  amount  of  metal  laterally  around  the 
crack.  Figure  2 shows  this  rather  convenient  property  of 
tlie  radioactive  gas  penetrant. 

Tliis  enlargement  factor  varies  but  the  image  is  generally 
between  5- 10  mils  and  is  somewhat  dependent  on  the  density 
of  the  material  being  inspected.  The  enlargement  can  be  as 
much  as  1 0^  on  a crack  of  1 0~^  inches-largc  defects  are 
increased  by  a nearly  constant  5-10  mils  and  have  negligible 
size  distortion. 

In  optical  microscopy,  image  size  magnification  is 
achieved  at  the  expense  of  a proportional  reduction  in 
viewing  area.  A KET  presentation  does  not  have  this  inher- 
ent limitation.  Ai<  defects  are  shown  on  an  area  basis  in 
their  proper  relationship  with  micro  defects  enlarged  to  a 
convenient  viewing  size.  Significantly,  the  whole  part  can 
be  seen  and  not  just  some  highly  magnified  section.  Most 
defects  have  a third  dimension  that  often  cannot  be  detected 
by  a purely  surface  measurement. 

Volume,  area  open  to  surface,  and  crack  cleanliness  are 
important  factors  in  determining  the  adequacy  of  a liquid 
penetrant  inspection.  The  KET  process  with  its  extremely 
small  atom  can  penetrate  and  coat  the  walls  of  all  but 
atomically  small  defects,  a pinhole  well  below  optical  reso- 
lutions can  serve  as  an  access  for  krypton  gas  to  inside 
passages.  Crack  contaminants,  long  a serious  variable  in  dye 
penetrants,  actually  help  enhance  a crack  with  the  KET 
process.  Since  the  KET  process  is  predicated  on  coating  the 
surfaces  with  adsorbed  gases,  the  presence  of  foreign  mate- 
rial in  a crack  serves  to  provide  more  adsorption  sites  and. 


tlierefore,  provides  a greater  signal.  Last,  the  penetrating 
radiation  allows  subsurface  defects  to  be  detected  on  the 
surface  of  the  part. 

SENSITIVITY 

Tlie  KET  process  apparently  can  measure  clean  cracks  in 
stainless  steel  (worst  case)  having  widths  of  1 to  5 millionths 
of  an  inch  and  depths  of  less  than  1 mil.  Cracks  of  this  size 


Figur*  1.  SaqiMnc*  of  stops  in  tho  AccuRay  KET  process. 
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IMAGE  ENLARGEMENT 


mu 

IMUtkiOM 

MUbOi 


Figur*  2.  Th«  ptnttrating  naturt  of  radiation  providat  an  tffac- 
tiva  imaga  aniargamant. 


arc  generally  created  in  low  cycle  fatigue  at  about  40%  of 
service  life. 

Conventional  high  resolution  dye  penetrants  start  to  fall 
apart  at  0.5  mil,  and  crack  cleanliness  is  very  important 
Tliis  corresponds  to  about  70%  fatigue  life  (Figs.  3,  4,  and 
5). 

The  KET  process  is  extremely  sensitive  to  porosity  or 
three-dimensional  type  defects.  Figure  6 illustrates  two 
sleeve  bearings  from  an  Air  Force  turbine  engine  that  has 
been  failing  to  give  normal  operating  life  since  the  engine 
was  first  produced. 


Figurs  3,  KET  autoradiograph  of  low  cycia  fatigue  sptcimen  at 
30%  fatigue  IKa. 


Figure 4.  KET  autoradiograph  of  low  cycle  fatigue  specimen  at  50% 
fatigue  life. 


Figure  5.  KET  autoradiograph  of  low  cycle  fatigue  specimen  at 
70%  fatigue  life. 


A great  deal  of  money  was  spent  on  this  item  attempting 
to  reengineer  the  engine  to  remove  cavitation  erosion  from 
the  bearings-over  $17,000,000  was  spent  on  this  part  in 
addition  to  the  damage  to  machinery  caused  by  its  failure 
before  it  was  inspected  using  the  KET  process.  The  jilioto- 
graphs  clearly  show  that  the  bearing  has  a serious  case  of 
subsurface  porosity.  Simple  fatigue  failure  of  vapor-loaded 
porosity  areas  caused  metal  erosion  closely  simulating 
cavitations. 
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Figurt  6.  Air  Fore*  turboprop  slotvo  bMrirtg  with  autoradiographs 
showing  subsurfaca  porosity. 


Figure  7 is  a reproduction  of  an  Army  turbine  compres- 
sor wlieel  wliich  was  sectioned  into  four  pieces.  Tliere  is 
some  dispute  as  to  the  cause  of  failure  (whether  it  is  high 
or  low  cycle  fatigue  or  possibly  stress  corrosion  induced). 
Tliere  is  no  doubt,  however,  that  the  cracks  are  being  missed 
in  conventional  nondestructive  inspections. 

Tlicsc  discs  are  a classic  illustration  of  the  superiority  of 
tlie  new  process.  Tlie  cracks  in  these  parts  are  not  only  very 
small,  they  are  also  generally  filled  with  oxides  and  have 
proven  nearly  impossible  to  find  with  dye  penetrants.  The 
illustration  clearly  shows  the  higli  signal-to-noise  present. 

One  of  the  more  common  questions  regarding  this 
process  deals  with  confusion  caused  by  an  overabundance 
of  data.  Tliis  has  never  been  a problem.  One  of  the  best 
illustrations  of  this  is  a microscopic  anomaly  which  was 
found  in  a shot  pcened  area  of  a jet  engine  turbine  disc. 
Fig.  8.  The  defect  was  continuous  througli  the  specimen 
and  had  a uidth  of  approximately  10  millionihs  of  an  inch, 
a depth  of  1 mil,  and  was  buried  in  a matrix  of  cracks 
having  depths  on  the  order  of  O.S  mil  (shot  pcened  damage). 
Tlie  photomicrograph  in  Fig.  8 shows  the  area  of  the  cracks 
and  its  lesser  neiglibors.  Tlie  scanning  electron  microscope 
photograph  shows  the  cracks  after  O.S  mil  has  been  polished 
from  the  surface.  Tiic  remaining  crack  correlated  well 
with  the  KET  data  (all  SEM  and  metallurgy  work  done  by 
Battellc  Memorial  Institute). 

LOW  CYCLE  FATIGUE 

One  of  the  very  earliest  applications  of  the  radioactive 
gas  penetrant  process  was  comparison  testing  of  the  KET 
process  with  more  or  less  conventional  technologies  such 
as  dye  penetrant,  eddy  current,  and  ultrasonics.  While  look- 
ing for  fairly  large  cracks,  we  found  that  the  KET  process 


Figure  7.  Sectors  of  ■ T-S3  eompreitor  disc  with  indications  of 
cracks  shown  by  arrows. 


was  very  sensitive  to  measuring  the  even  smaller  cracks  and 
crack  nucleations  that  anteceded  tlicsc  larger  defects.  As 
noted  previously,  the  first  disc  work  that  we  did  was  with 
General  Electric  on  a higli  time  CJ-805  disc,  with  Battelle 
classifying  the  defects  as  being  in  the  low  cycle  fatigue 
range.  Tliis  started  the  users  agitating  for  application  of  the 
process  to  what  we  now  call  fatigue  life  prediction. 

Although  our  first  work  in  low  cycle  fatigue  was  with 
General  Electric,  it  was  not  until  American  Airlines’  interest 
and  early  Pratt  & Wliitncy  test  programs  that  we  became 
aware  of  extreme  sensitivity  that  the  KET  process  had  in 
measuring  damage  done  in  the  very  low  percentage  cycle 
life  of  parts.  Figure  9 shows  three  of  seventeen  specimens 
in  the  original  low  cycle  fatigue  evaluation  of  the  KET 
process  against  stress  penetrant.  Tlie  normal  fatigue  life  of 
these  specimens  approximated  65,000  cycles  and  it  was 
easy  to  see  that  even  on  the  1 ,000  cycle,  which  is  a nominal 
two  percent  of  fatigue  life,  the  early  microcracks  are  dis- 
cernible. Similar  data  from  another  manufacturer’s  disc 
alloy  is  shown  in  Fig.  1 0. 

The  requirement  for  exhaustive  empirical  testing  before 
use  of  life  extended  discs,  the  variety  of  discs  available  and 
the  varying  service  environments  dictate  a lengthy  engineer- 
ing program  witli  a considerable  amount  of  engine  testing. 
Some  of  this  testing  can  obviously  be  cut  short  by  use  of  exist- 
ing high  time  discs,  but  there  is  no  way  to  test  “cycles  to 
failure’’  after  defect  detection  otlicr  than  in  a test  cell. 
Ferris  wheel  testing  and  spin  pit  work  can  define  tlicsc 
parameters  but  in  the  end,  actual  discs  will  have  to  be  run 
to  near  failure.  Tliis  is  both  expensive  and  time  consuming. 

Tlie  two  charts.  Fig.  1 1 and  12,  were  used  in  a talk  given 
to  ATA  last  September  on  life  extension  of  discs.  Figure  1 1 
represents  the  integrated  waste  of  disc  hardware  based  on 
retirement  of  all  discs  at  cycle  life  with  only  0.2%  of  thc.'sp 
discs  being  at  nominally  85%  of  fatigue  life.  We  hope  to 
show  that  by  the  simple  expedient  of  moving  back  the 
tlircshold  for  detection  sufficiently  to  allow  an  overhaul 
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PHOTOMICROGRAPH  OF 
SHOT  PEERED  SURFACE 


SCANNING  ELECTRON  MICROSCOPE 
0.5  MILS  OF  SURFACE  REMOVED 


Figur*  8.  Scanning  atactron  microfcopa  ravaalf  anomaliat  approximataly  10  micro-inchas  wida  and  1.3  mill  daap  which  corralata  with  KET  auto- 
radiograph. Nota  tha  rough  taxtura  of  tha  dtot  paanad  lurfaca. 


cycle,  we  can  effectively  eliminate  cycle  limitations  on 
discs  and  utili7.e  the  entire  integral  of  the  disc  life  curve. 
The  curve  shown  here  illustrates  what  happens  if  you  simply 
reject  3%  “early  failure”  discs  at  the  present  cycle  life  limi- 
tation. You  should  be  able  to  get  a four-fold  life  improve- 
ment at  no  degradation  of  safety. 

The  second  chart,  Fig.  12,  is  somewhat  a compilation 
of  actual  KET  process  data  on  a variety  of  turbine  disc  mate- 
rials from  work  at  both  General  Electric  and  Pratt  & Whit- 
ney. What  is  significant  is  its  resemblance  to  a nomograph 
(Fig.  13)  prepared  by  Schijve  and  included  in  ASTM  495. 
Our  data,  >^olly  empirical,  produced  a striking  correlation 
to  the  theoretical  crack  sizes  predicted  but  never  previously 


seen  in  service  materials.  The  discovery  of  the  Schijve  data 
added  a great  deal  of  confid»'nce  to  our  empirically  derived 
data. 


POROSITY 

Our  beginning  work  in  porosity  started  almost  simulta- 
neously with  AVCO  and  General  Electric.  Both  programs 
were  given  impetus  by  test  cell  failures  of  air<ooled  turbine 
blades  in  experimental  engines. 

The  AVCO  blade  was  a first  stage  high  pressure  turbine 
blade  from  the,  then,  experimental  main  battle  tank  engine. 


MAXIMUM  ACCEPTABLE  FAiUURE  RATE 


Figure  14  shows  a general  outline  of  the  blade.  The  cast 
recess  in  the  base  was  designed  into  the  blade  to  accom- 
modate fixturing.  The  blades  were,  in  general,  failing  in  the 
cast  recess  area;  metallurgical  analysis  showed  the  blade 
failures  to  have  originated  in  dendritic  porosity.  Dendritic 
porosity,  incidentally,  comes  from  the  Latin  meaning 
“treelike,”  and  it  is  characterized  in  metal  solidification 
by  the  presence  of  catacombs  of  sliarp,  treelike  porous  cav- 
ities which  result  in  high  stress  concentrations. 

The  metallurgical  confirmation  of  our  findings  of  poros- 
ity was  extremely  good,  and  this,  coupled  with  the  low 
acceptance  rate,  forced  AVCO  to  go  back  to  the  casting 
vendor  to  regate  the  blade  along  with  effecting  design 
changes  which  elimir  ed  the  recess.  With  these  changes 
the  porosity  problem  stopped  immediately  and  the  blade 
went  on  to  provide  very  good  service.  To  our  knowledge, 
the  blade  is  free  of  this  problem  today. 

Tlic  General  Electric  work  was  very  similar  in  that  Gen- 
eral Electric  had  the  contract  for  the  SST  engine,  and  early 
in  the  test  cell  life,  three  of  the  engines  had  second  stage 
HPT  blade  failures.  Like  the  AVCO  blade,  metallurgy 
indicated  that  failure  had  proceeded  from  localized  areas  of 


dendritic  porosity.  General  Electric  had  thrown  the  poros- 
ity problems  into  tlieir  NDI  department  to  develop  processes 
and  techniques  for  detecting  amd  measuring  porosity. 

One  blade  in  particular  had  been  used  as  a “guinea  pig” 
in  this  testing  and  had  been  x-rayed  over  75  times,  in  addi- 
tion to  being  run  many  times  through  eddy  current  and 
ultrasonics  by  the  best  technicians  available  to  General 
Electric  with  no  defects  detected.  Tlie  KET  process  detected 
two  major  areas  of  porosity  and  a host  of  other  small 
indications  which,  at  that  time,  were  not  defined  by  Indus- 
trial Nucleonics  as  porosity.  Figure  1 5 is  one  of  the  first 
autoradiographs  made  of  this  GE4  blade  and  is  somewhat 
unusual;  rather  than  immerse  the  blade  in  krypton,  the 
blade  was  filled  with  krypton.  For  this  reason,  we  are 
getting  a composite  autoradiograph  shoeing  the  inside-out 
X-ray.  The  two  areas  of  concern  are  shown,  located  as  they 
sliould  be,  in  the  thicker  metal  sections  at  the  confluence 
of  the  thin  metal  skin  and  the  tliicker  metal  structure  of 
tlic  spar. 

A second  autoradiograph  shown  in  Fig.  16  is  a KET 
process  autoradiograph  which  was  furnished  to  General 
Electric  to  orient  metallurgy.  Figure  16  is  self-explanatory. 


172 


. CRACK  OKNINt 
.0005  IN. 


-CRACK  OKNINC 
.00001  IN 


10  20  30  40  f SO  «0 


' “t 


•5%-  aM>carance  or  ‘cncineerinc  cracks 

PART  IN  FAILURE 


APPEARANCE  OF  MICROCRACKS  FUNCTION  OF  FATIGUE 
APPEARANCE  OF  FIRST  'MICRO  MICRO  CRACKS*  RELATED  TO  It*  NDRKING  LOADS 


Figure  12. 


METAL  FATIGUE  DAMAGE 


10  A 10  A 


ATOMIC 

SPACING 

(3  A) 


AUSTENITE 
GRAIN  SIZE 

(I  MIL) 


MACROCRACK  GROWTH 


Imm  I IC^mm  10  imn 


REGION  IN  WHICH  CONVENTIONAL 
NOE  METHODS  ARZ  USEFUL. 
(0.05  - 0.25  INCHES) 


■REGION  IN  WHICH  ADVANCED 
NOE  METHODS  ARE  USEFUL. 
(0.005-0.05  INCHES) 


Figure  13.  $chijv«'s  scaIr  of  cr$ck  dimaniion. 


CAST  RECESS 


■HIGH  POROSITY 
IN  RECESS 


I 


AS 

>CAST 

BLADES 


^POROSITY--...^^ 

found  in  machining' 


-KNOWN  CRACK 

IN  BASE  OF 
wACHINED  BLADE 


^TWO  BLADES 
'^REJECTED 
FOR  DEFECTS 
NOTED  ONLY 
AFTER  / 

broaching 

(CONTROL  SPECIMENS) 


Figure  14. 


Figur*  15.  Autoradiograph  of  hollow  turbina  blada  filled  with  KR85 
showing  2 large  dendritic  defects. 


General  Electric  moved  quickly  to  liavc  us  inspect  a 
whole  series  of  GE4  blades.  Figure  1 7 is  a good  example 
of  the  process  refined  for  GE4  blades  to  show  basically  sub- 
surface porosity.  In  the  blade  shown,  there  arc  seven  areas 
of  porosity  sufficiently  large  to  cause  rejection  of  the  blade. 

The  majority  of  engine  manufacture;-  arc  now  coming 
to  treat  dendritic  porosity  as  a structural  strength  problem 
in  that  it  is  felt  the  porosity  provides  the  nucleus  for  low 
cycle  fatigue  failure  in  turbine  blades.  In  c:scncc,  the  sharp 
edges  of  the  porosity  acts  as  stress  risers  c.'  crack  nucleation 
sites  with  failure  occurring  over  some  extended  period  of 
life.  More  succinctly  stated,  a turbine  blade  may  be 


extremely  safe  for  500  to  600  hours  but  may  be  destined  to 
fail  at  higlicr  operating  lifetimes. 

We  are  at  a point  now  where  the  engine  manufacturers 
agree  that  the  KET  process  can  give  near  unity  confidence 
for  the  detection  of  casting  anomalies  (hot  tears  included). 
Wc  arc  also  confronted  with  an  industry  that  has  not  quite 
determined  what  to  do  with  the  data  even  thougli  the  new 
technology  engine  blade  problems  indicate  it  is  now  of 
significance. 


CONCLUSION 

Althougli  a relatively  recent  development  in  the  field  of 
NDI,  the  AccuRay  KET  process  has  already  demonstrated 
a significant  improvement  over  conventional  NDI  techniques 
in  a number  of  applications.  Specifically,  the  process  has 
demonstrated  capabilities  in  the  following  areas; 

1.  The  detection  of  low  cycle  fatigue  will  pennit  the 
replacement  of  timc/cycic  removal  of  components  with  con- 
dition removal  of  components  which  will  result  in  significant 
economic  savings  for  both  military  and  commercial  engine 
users. 

2.  The  reliable  detection  of  microporosity  in  castings 
will  make  possible  the  manufacturing  of  difficult  to  cast 
superalloys  in  a technically  desirable  complex  configuration. 

3.  Tlie  reliable  detection  of  microdefects  will  permit 
advanced  fabrication  technology  to  design  higlily  complex 
components  with  the  assurance  that  manufacturing  defects 
will  be  detected  prior  to  the  component  being  incorporated 
into  an  engine. 

4.  The  detection  of  microdefects  will  also  pennit  de- 
signers to  reliably  reduce  their  overdesign  which  is  now 
required  to  compensate  for  defects;  this  will  result  in  signif- 
icant material  and  weight  savings  in  addition  to  increased 
performance, 

5.  Significant  improvement  appears  to  exist  in  proving  the 
reliability  of  advanced  bonding  techniques  in  diffusion  bond- 
ing, inertia  welding,  electron  beam  welding,  etc.  It  would 
appear  that  the  KET  process  will  also  be  able  to  detect  de- 
fects in  advanced  components  such  as  composite  materials, 
powder  metallurgy  materials,  and  ceramic  materials. 

The  feasibility  of  tltc  KET  radioactive  gas  penetrant 
inspection  process  to  effectively  and  efficiently  work  in 
these  areas  has  generally  been  demonstrated;  how'ever,  much 
work  remains  to  be  accomplished.  Programs  to  complete 
this  work  are  presently  being  rapidly  established  witli 
interested  parties  who  have  the  application  and  need  for 
this  adv-^nced  NDI  technology. 
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Figure  16.  AccuRay  KET  autoradiograph  of  large  hollow  turbine  blade  showing  metallurgy  of 
indicated  sections.  In  this,  and  31  other  sections  no  defect  was  found  which  was  not  shown  by 
the  KET  process  and  all  KET  indications  were  verified. 


Figure  17.  Shrink  defects  located  up  to  30  mils  below  the  surface 
in  a hollow  investment  casting.  Vertical  line  caused  by  wrapping 
film  around  the  component. 
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Discussion: 


THE  ACCURAY  KET  PROCESS  FOR  THE  DETECTION  OF  MICRODEFECTS 


Aii,''‘'nvP.  I’ontello 


Tlic  excellent  paper  presented  by  Mr.  liddy  on  the  “AccuRay  KKT  process  for  the  Detection  of  Microdefects” 
gives  liglit  to  a new  area  in  nondestructive  testing.  The  use  of  a radioactive  gas  penetrant  offers  a means  of  capturing 
inicrodefects  in  metals  previously  difficult  to  detect  using  normal  NDT  cijuipment.  However,  in  nondestructive 
testing,  manufacturers  and  the  like,  think  of  quality  and  economy  as  being  synonymous.  Most  principles  of  non- 
destructive testing  strive  for  the  sliortest  time  possible  in  detecting  >aws.  Extension  of  test  times  means  added 
dollars  in  cost.  Tlie  KHT  process  needs  approximately  30  to  60  minutes  of  preparation  time  to  outgas  the  subject 
items.  Wliat  is  the  total  time  to  conduct  an  average  test  on  a turbine  disc,  for  example?  It  appears  that  the  longer 
the  subject  item  the  longer  is  the  preparation  time  for  oiitgassing  the  object.  This  could  possibly  hold  true  even  in 
cases  where  small  porosity  flaws  (caused  by  entrapped  gases  in  manufacturing)  reiiuire  extensive  time  to  be  outgassed. 
VMiat  effect,  if  any,  would  the  KET  process  have  on  those  discontinuities  which  have  not  been  completely  outgassed? 

The  sensitivity  of  the  AccuRay  KET  process  seems  to  be  significantly  greater  than  that  of  the  liquid  penetrant 
dye  test  technique,  it  is  possible  that  the  sensitivity  of  the  gascs  is  so  great  that  detection  of  a scam  or  forging  lap, 
considered  not  detrimental  to  a turbine  blade  or  disc,  be  interpreted  as  a flaw  and  the  item  be  discarded  prematurely? 
A distinction  should  possibly  be  made  to  differentiate  between  those  metal  castings  that  arc  acceptable  or  non- 
acceptable  when  using  the  KET  process.  Possibly  a table  wi*h  accompanying  photographs  giving  statistical  results  of 
previous  tests  conducted  on  the  component  sections  of  jet  engines  could  serve  as  a guide  in  defining  inicrodefects 
inherent  in  metals. 

The  KET  process  seems  to  have  wide  applications  in  the  Aerospace  industry.  It  is  generally  acknowledged  that 
means  are  available  today  which  will  indicate  cracks,  holes  and  other  types  of  easting  or  molding  flaws  in  turbine 
blades.  However,  few,  if  any,  test  methods  are  available  to  detect  the  degree  of  sulfidation  that  takes  place  under 
die  spalling  of  vapor  blasted  turbine  blades.  The  KET  process,  having  the  potential  to  penetrate  crack  contaminants 
could  possibly  be  applicable  in  detecting  whether  sulfidation  has  occurred  undei  the  spalling  of  the  blade  and  the 
degree  of  .sulfidation  which  has  taken  place.  The  spalling,  which  in  essence  acts  a surface  contaminant,  should 
provide  more  adsorption  sites  for  the  gascs  over  the  sulfidatcd  area.  The  sensitivity  of  the  KET  process  seems  to  have 
the  capability  of  revealing  any  changes  in  alloy  composition  due  to  chemical  attack  or  depletion  of  any  constituents 
in  the  alloy. 

Mr.  Eddy’s  paper  has  clearly  demonstrated  the  capability  of  the  KET  process.  Further  studies  should  reveal 
numerous  applications  in  the  area  of  nondestructive  testing  centered  on  jet  engines  and  their  component  parts. 
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Service  Corrosion  Problems 
Produced  in  the  Test  Cell 


H'.  W.  Wagner 

Naval  Air  Propulsion  Test  Center 
Trenton,  New  Jersey 


INTRODUCTION 

After  many  years  of  upgrading  materials  and  coatings  and 
after  time  consuming  and  extensive  retrofits  to  engine  con- 
figurations, the  Naval  Air  Systems  Command  (NAVAIR) 
decided  that  the  best  approach  to  corrosion  control  of  gas 
turbine  engines  was  not  in  the  expensive  after-the-fact 
retrofits  but  in  appropriate  preventive  initial  design  followed 
by  testing.  It  was  established  that  in  environments  repre- 
sentative of  service  conditions  the  engine  manufacturer 
(supplier)  must  give  greater  consideration  during  the  design 
phase  to  materials  degradation.  In  addition,  it  also  was 
believed  that  the  Navy  also  should  have  a check  on  the 
end  product.  In  this  respect,  NAVAIR  authorized  the 
Naval  Air  Propulsion  Test  Center  (NAPTC)  to  prepare  and 
evaluate  new  requirements  for  the  gas  turbine  engine  salt 
corrosion  testing  specification. 


RECENT  SERVICE  PROBLEMS 

The  myriad  of  materials  problems  identified  with  the 
gas  turbine  engine  are  almost  always  found  after  the  engine 
has  been  subjected  to  service  conditions.  Concerning  our- 
selves with  only  the  corrosive  effects,  the  results  are  start- 
ling. The  scope  ranges  from  corrosion  of  exterior  housings, 
functional  accessories,  accessory  hardware,  moving  parts 
such  as  variable  geometry,  airfoil  pitting  in  the  compressor, 
to  the  catastrophic  hot  corrosion  of  turbine  vanes  and 
blades.  The  following  are  examples  of  typical  corrosion 
problems  the  Navy  is  experiencing  with  service  engines  as 
established  by  inspection  of  engines  returned  for 
overhaul.  These  examples  will  serve  to  illustrate  the 
variety  of  materials  problems  connected  with  the  gas  tur- 
bine engine. 

A.  Fuel  Controls-Fuc\  controls  have  exhibited  heavy 
internal  corrosion.  Rusting  can  be  found  internally  on 
gears,  cams,  springs,  pistons,  piston  sleeves,  and  other  func- 
tional parts.  Such  corrosion  can  be  caused  by  an  inadequate 
preformed  packing  seal  which  allows  moisture  into  the 
control  or  from  the  aspirator  and  inlet  air  temperature 
sensing  tubes.  In  the  latter  case,  humid,  saline  air  is  free  to 


enter  the  control  during  normal  engine  operation. 
Obviously,  more  corrosion  resistant  materials  should 
be  employed  in  the  affected  areas  of  the  fuel 
control. 

B.  Turboprop  Engine  Gear  Rox-Original  material  se- 
lected was  magnesium  since  Navy  aircraft  use  was  not 
anticipated.  The  gear  box  and  accessory  drive  housings 
have  exhibited  destructive  corrosion  in  Navy  service  use  to 
the  extent  thL  the  engines  were  returned  to  overhaul  with 
gaping  holes  in  the  housings.  An  organic-type  coating  de- 
signed to  protect  the  magnesium  was  inadequate  in  a salt- 
air  environment. 

C Turbojet  Engine  Compressor  Variable  Geometry - 
The  linkages  which  control  engine  airflow  function  by 
means  of  a series  of  stainless  steel  bushings,  sleeves, 
and  levers.  Pitting  and  crevice  corrosion  have  caused 
these  parts  to  seize  particularly  after  even  short 
periods  of  nonuse.  Both  the  type  of  lubricant 
and  frequency  of  lubrication  are  critical  for  maintaining 
free  movement  of  the  variable  geometry. 

D.  Turbine  Nozzles- Ait<oo\eA  turbine  nozzle  assem- 
blies, fabricated  of  INC  J 713C,  have  experienced  severe  hot 
corrosion  even  on  low  time  engines.  Sulfidation  of  the 
substrate  occurs  wherever  a premature  oxidation  or  spalling 
of  the  typical  aluminide  pack-type  coating  has  taken  place. 
In  the  case  of  one  engine,  the  premature  coating  break- 
down has  been  attributed  to  a substrate  overtemperature 
due  to  cooling  hole  blockage.  The  vane  temperature 
profile  resulted  in  internal  corrosion  of  the  cool- 
ing holes  and  extensive  diffusion  of  the  coating  into  the 
substrate. 

£ Hot  Corrosion  of  Turbine  Hardware-Genetilly,  the 
most  difficult  materials  problem  to  understand  and  cer- 
tainly the  most  catastrophic  in  scope  is  the  hot  corrosion, 
specifically  sulfidation,  found  to  some  degree  in  all  turbine 
engines.  Hot  corrosion  in  Navy  engines  is  compounded  by 
the  wide  variety  of  materials  and  coatings  used  and  by 
insufficient  evaluations  of  these  materials  through  bench 
tests.  More  than  any  other  component  design  or  material 
selection,  hot  section  gas  path  hardware  requires  full-scale 
engine  testing  in  a realistic  service  environment  prior  to 
service  introduction. 


Preceding  page  blank 


INADEQUATE  MATERIALS  QUALIFICATION 
PRIOR  TO  SERVICE  INTRODUCTION 

The  current  military  specification  for  aircraft  gas  tur- 
bine engines  includes  a Corrosion  Susceptibility  Test  which 
consists  of  the  following; 

A.  The  engine  and  all  components  shall  have  operated 
fur  at  least  I SO  hours  of  endurance  equivalent  to  a Military 
Qualification  Test  (MQT). 

H.  A synthetic  sea  salt  solution  is  sprayed  into  the 
engine  while  motoring  at  a rotor  speed  of  300-500  RPM, 
until  a mist  of  the  spray  exists  from  the  exhaust  no/./.le. 
The  engine  exterior  also  is  thuruuglily  wetted  with  salt 
spray. 

C.  The  engine  is  allowed  to  stand  idle  for  one  week, 
then  the  procedure  (item  B above)  is  repeated  following 
which  the  engine  is  again  allowed  to  remain  inoperative 
a second  week. 

D.  The  engine  is  disassembled  sufficiently  to  determine 
the  extent  md  degree  of  corrosion. 

At  best,  this  entire  technique  is  superficial  when  com- 
pared to  the  more  exacting  demands  of  engine  operation  in 
the  fleet.  The  resultant  corrosion  produced  by  this  test 
consists  mainly  of  low  temperature  oxidation.  The  signifi- 
cant parameters  of  high  temperature,  higli  pressure,  liigii 
gas  velocities,  and  the  products  of  combustion  asso<^iated 
with  real-situation  engine  operation  are  not  accounted  for. 
However,  it  is  these  parameters  which  produce  the  most 
destructive  forms  of  corrosion.  A new  engine  or  model 
configuration  subjected  to  the  previously  described  test  will 
usually  satisfactorily  qualify  as  being  corrosion  resistant, 
yet  the  same  engine  may  be  plagued  by  materials  problems 
after  Naval  aircraft  service  operation. 


SIMULATING  SERVICE-TYPE  CORROSION 

The  NAPTC.  in  proposing  the  new  corrosion  susceptibil- 
ity test  for  gas  turbine  engines,  has  attempted  to  define  a 
more  meaningful  and  comprehensive  materials  evaluation 
based  on  engine  operation  at  atmospheric  environments  in 
realistic  conditions.  The  proposed  full-scale  engine  test  is 
an  accelerated  test  from  the  standpoint  of  higli  temperature 
engine  operation  because  of  the  similarity  to  an  MQT  cycle 
and  also  with  respect  to  the  salt-air  concentration.  During 
this  test,  the  engine  is  exposed  to  a 200  PPB  SS/AIR  con- 
centration for  a total  of  ISO  hours  of  engine  operation  and 
also  for  3S0  hours  of  dynamic  soaking.  During  dynamic 
soaking,  the  engine  is  inoperative  but  is  exposed  to  a 2(X) 
PPB  salt-air  concentration.  Corrosive  effects  representative 
of  service  engines  are  produced  through  this  testing  proce- 
dure because  both  the  operational  environment  and  the 
inodes  of  fleet  operation  arc  shnulated.  In  designing  the 
test  cell,  it  was  imperative  that  close  control  of  temperature, 
humidity,  and  salt-air  concentration  of  the  engine  ingested 
air  was  maintained  throughout  the  test  cycle  to  insure  a 


realistic  simulation  of  the  actual  operational  environment. 
Incorporating  the  ability  to  soak  an  engine  both  dynamically 
and  statically  enabled  realistic  simulation  of  the  various 
modes  of  operation  during  fleet  operations.  Inoperative 
aircraft  parked  on  an  aircraft  carrier  flight  or  hangar  decks 
arc  constantly  exposed  to  higli  salt-air  concentrations.  The 
proposed  dynamic  soak  exposes  the  gas  turbine  engine  to 
this  environment.  Also  significant  to  engine  external  cor- 
rosion is  the  hot,  humid  bath  the  engine  receives  just  sitting 
in  the  aircraft  nacelle  after  completion  of  a mission.  The 
static  soak  incorporated  in  the  proposed  test  procedure  is 
intended  to  simulate  this  conditon. 


PROPOSED  SALT  CORROSION 
SPECIFICATION  TEST 

Specification  AS-2864  requires  that  a full-scale  engine 
ISO-hour  endurance  test  be  conducted  in  a controlled  salt- 
air  environment.  The  test  is  based  on  a 48-hour  corrosion 
test  cycle,  and  it  is  comprised  of  2S  such  cycles.  Each  cycle 
consists  of  six  hours  of  engine  operation,  14  hours  of  dy- 
namic soak,  and  24  hours  of  static  soak.  W'thin  the  48-hour 
test  schedule,  the  engine  is  operated  for  three  hours  followed 
by  a 2-hour  shutdown  period,  seven  hours  of  dynamic 
soaking,  and  12  hours  of  static  soaking.  The  48-hour  cor- 
rosion test  cycle  is  outlined  in  Fig.  I.  Figure  I shows  the 
relationship  of  salt  solution,  temperature,  and  relative  hu- 
midity to  the  test  operating  conditions.  During  both  engine 
operation  and  dynamic  soak  phases  the  engine  is  exposed 
to  a 2(X)  PPB  salt-air  concentration  and  a minimum  ambient 
air  temperature  and  relative  humidity  of  S0°F  and  73%, 
respectively.  The  static  soak  consists  of  maintaining  the 
engine  ambient  air  temperature  at  1 10  ± lO^F  and  the 
relative  humidity  in  excess  of  90%.  Figure  2 shows  a typ- 
ical shaftpower  engine  operating  cycle.  During  this  cycle 
the  engine  is  operated  at  maximum  power  (highest  TIT) 
for  16%  of  the  time.  The  development  of  this  proposed 
specification  test  is  traced  in  an  earlier  NAPTC  paper^Q. 
This  paper  described  the  initial  NAPTC  attempts  to  evaluate 
gas  turbine  engine  corrosion  susceptibility  from  testing  in 
a natural  environment  to  the  final  test  cell  controlled 
environment. 


BENCH  TESTING 

Althougli  existing  literature  lists  many  innovative  and 
seemingly  thorougli  material  and  design  configuration  test 
methods,  it  must  be  understood  (and  is  verified  by  our  full- 
scale  engine  testing)  that  the  results  are  mostly  analytical 
and  wholly  comparative  in  nature.  At  NAPTC  various 
forms  of  bench  testing  arc  employed  as  a screening  device, 
a preview  of  materials  performance,  or  an  added  look-see  at 
the  behavior  of  one  material  or  coating  versus  another. 
The  burner  rig  has  been  a useful  testing  device  for  comparing 
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Ph.-ise 

Diirntinn  of 

Test  Engine 
Condition 

Salt  Solution 

Engine  Ambient  Air 

No. 

Pliase  Hours 

Injected 

(ppb) 

Temperature 

°F(min) 

R.H. 

%(min) 

1 

3‘ 

Operating 

2002 

50 

75 

2 

2 

Not  Operating 

0 

Atmospheric 

Atmospheric 

3 

7 

Dynamic  Soak 
Not  Operating 

20Q2 

50 

73 

4 

12 

Static  Soak 
Not  Operating 

0 

110±  10°F 

>90 

5 

3' 

Operating 

2002 

50 

73 

6 

2 

Not  Operating 

0 

Atmospheric 

Atmospheric 

7 

7 

Dynamic  Soak 
Not  Operating 
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^During  sliutdown,  wliilc  the  engine  is  decelerating  froni  idle,  the  salt  solution  shall  continue  to  be  sprayed  into  the  engine  until  the  rotor  has 
conic  to  rest, 

^Tlic  test  facility  blower  system  will  provide  the  flow  of  salt-laden  air  over  and  through  the  engine. 

^Engine  inlet  and  e.\haust  openings  shall  remain  open  for  all  phases  of  the  test  cycle. 

Figure  1.  48-hour  corrosion  test  cycle 


liigli  temperature  strength  and  hot  corrosion  resistance  for 
both  current  and  future  generation  superailoys.  In  addition, 
the  ability  to  add  extraneous  pollutants  to  the  products  of 
combustion  makes  the  burner  rig  an  ideal  bench  test  in  the 
study  of  corrosion  mechanisms.  Tlie  salt  bath  cabinet  is 
useful  as  a materials  screening  device  because  it  yields  results 
quickly  and  inexpensively.  Tlierc  arc  numerous  advantages 
to  bench-type  testing  and  above  all  they  arc  necessary  to 
the  normal  development  of  materials  improvement.  How- 
ever, even  thougii  test  methods  and  equipment  can  be 
standardized,  results  arc  often  open  to  interpretation.  Rig 
test  results  can  be  disguised  by  so  many  test  variables  that 
interpretation  or  stacking  of  rcsul"  i«  often  misleading 
through  a maze  of  statistical  analyses  Proof  of  the  fallacies 
resulting  from  bench-type  testing-  o>  even  inadequate  full- 
scale  engine  qualification  is  the  materials  degradation  once 
the  engine  is  introduced  to  service  conditions.  The  NAPTC 
feels  that  the  proposed  full-scale  test  in  a controlled  environ- 
ment is  the  ultimate  test  for  gas  turbine  engine  materials 
performance. 


RECENT  TEST  RESULTS 

Recently  the  specification  test  was  conducted  on  a model 
T58-GE-10  turboshaft  engine  in  the  NAPTC  salt  corrosion 
facility.  A final  report  (2) describes  the  test  methods  and 
results.  A summary  of  the  materials  problems  associated 
with  tin's  engine  and  an  analysis  of  corrosive  effects  pro- 
duced by  the  test  can  best  be  described  by  reviewing  post- 
test  conditions  of  the  major  engine  sections. 

A.  Engine  /fx/cr/or- Figure  3 shows  that  the  uncoated 
AM-355  compressor  casing  exhibited  heavy  oxidation  as  did 
the  four  variable  geometry  rings.  Test  results  indicated  a 
need  for  coating  the  compressor  casings.  Other  external 
corrosion  problem  areas  identified  by  the  test  were  the 
second  stage  turbine  casing  and  thermocouple  harness, 
pressure  and  dump  valve,  starter  bleed  valve,  and  A/I  valve. 
After  eiglit  test  cycles,  the  A/I  valve  froze  in  the  closed 
position  due  to  internal  corrosion.  The  failure  of  the  valve 
was  identical  to  that  reported  on  service  engine  valves.  As 
a result  more  corrosion  resistant  materials  were  incorporated 
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Figure  2.  Sait  corroaion  taat  angina  oparating  cycia  T56-<jE>10  S/N200045. 


in  the  valve.  This  further  verifies  that  the  test  procedure 
does  indeed  simulate  an  operational  environment.  In  a 
subsequent  report  (3),  the  NAPTC  evaluated  the  redesigned 
valve  and  offered  recommendations  for  further  improve- 
ments. 

B.  Compressor  Stators- AM-355,  the  standard  material 
forT58  compressor  stators,  was  evaluated  using  both  coated 
and  uncoated  airfoils.  The  uncoated  AM-355  vanes  ex- 
hibited considerable  pitting  of  the  airfoils,  in  the  root  area, 
and  at  the  tips.  Again,  this  same  degree  of  pitting  was 
revealed  on  high  time  service  engines.  Of  the  coated  air- 
foils, a Sermetel  W coating  offered  adequate  protection 
against  the  substrate  pitting,  but  Aluminized  Nubeion  a 
Solaramic  coatings  were  unsatisfactory.  A segment  of  403 
SS  vanes  proved  to  be  inferior  to  the  AM-355  material; 
however,  a segment  of  uncoated  INCO  718  vanes  was  unaf- 
fected by  the  test.  Figures  4 and  5 show  the  contrasting 
post-test  conditions  of  the  leading  edge  of  an  Aluminized 
Nubeion  coated  AM-355  vane  and  an  uncoated  INCO  718 
vane,  respectively. 

C.  Compressor  Bbdes-Vncozted  AM-355  blades  ex- 
hibited pitting  in  excess  of  serviceable  limits.  This  same 


condition  in  service  engines  resulted  in  a change  to  coated 
blades.  INCO  7J8  compressor  blades,  as  well  as  stators 
were  evaluated  for  future  use  and  showed  no  evidence  of 
corrosive  attack.  Based  on  corrosive  resistance,  INCO  718, 
which  does  not  require  a protective  coating,  is  now  an 
excellent  candidate  for  a compressor  airfoil  material.  The 
test  also  verified  the  improved  performance  of  A-286  as  a 
locking  screw  material.  The  original  SAE  420  screw  was 
inadequate  in  both  corrosion  and  wear  resistance. 

D.  Turbine Nozzles~WC01  \3C  coated  with  the  MDC-1 
coating  has  been  the  standard  configuration  for  the  first 
stage  turbine  nozzles  in  T58  engines.  Test  results.  Fig.  6, 
showed  the  ME)C-1  coating  to  be  inadequate  for  protection 
of  the  INCO  713C  substrate.  The  coating  was  removed  on 
areas  of  the  leading  edge  and  concave  surface.  Localized 
eruptions  along  the  leading  edges  and  massive  sulfide  scales 
along  the  concave  surfaces  of  the  vanes  showed  this  material/ 
coating  system  to  be  inadequate  in  the  real  operational 
environment.  Figure  7 is  a microphotograph  of  the  typical 
cracking  found  on  the  leading  edges  in  the  first  stage  nozzle. 
A gas  temperature  of  1 750°F  was  sufficient  to  cause  coating 
spalling  since  a metallurgical  analysis  revealed  no  change  in 
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I Figure  3.  Post-test  condition  of  T58-GE-10  engine  upper  compres- 

[ sor  casing. 


ihc  as-cast  structure  of  tlic  substrate  due  to  overtemperature 
operation.  i 

One  segment  of  uncoatcd  X40  vanes,  also  shown  in  I 

Fig.  6,  proved  satisfactory  in  resisting  tiie  corrosive  environ-  ( 

ment.  The  cobalt-base  oxide  which  formed  over  the  sub- 
strate was  a hard,  rougli  layer  exhibiting  good  adherence 
qualities.  No  sulfidation  was  evident  with  the  X40  material; 
however,  a minor  grain  boundary  attack  was  observed 
mctallurgically.  The  second  stage  nozzle,  shown  in  Fig.  8, 
is  uncoatcd  INCO  7I3C  and  is  exposed  to  a gas  temperature 
1550°F.  As  is  evident  in  Fig.  8,  the  corrosive  attack  varied  | 

greatly  around  the  nozzle  with  some  partitions  more  severly  | 

sulfidatcd  than  in  the  first  stage.  Figure  9 shows  leading  ' 

edge  delamination  on  one  of  the  more  severely  attacked  f 

partitions.  The  obvious  conclusion  was  that  a protective  f 

coating  was  necessary  in  the  second  stage.  Prior  to  the  test, 
the  existence  of  the  same  condition  in  service  engines  re- 
sulted in  the  use  of  an  MDC-I  coating  on  the  INCO  713C 
substrate  for  tltc  second  stage  nozzle. 

K.  Turbine  Iiuckcts-l\\e  first  stage  buckets  of  SEL 
material  coated  with  MDC-I  were  In  satisfactory  condition. 

The  coating  remained  intact  with  very  little  evidence  of  cor- 
rosive attack.  First  stage  buckets  of  Rene  80  coated  with 
Codcp  C-2  proved  to  be  inadequate  due  to  coating  spalling. 


r 

i 


rr~I' 


Figure  8.  Post-test  condition  of  T58-GE-10  engine.  Second  stage 
turbine  nozzle  assembly  (leading  edge)— uncoated  INCO  713C. 


Hie  coating  was  completely  removed  on  botli  the  leading  and 
trailing  edges  as  well  as  the  entire  concave  surfaces.  Attack 
in  the  form  of  classical  sulfidation  was  present  in  the  sub- 
strate in  the  areas  where  the  coating  had  been  removed. 
Tlie  second  stage  buckets  were  uncoated  SEL  material  and 
e.\hibited  traces  of  sulfidation  along  the  leading  edges  and 
over  the  concave  surfaces.  This  condition  emphasized  the 
need  for  a protective  coating  on  the  second  stage  buckets. 

The  primary  objective  of  the  test  program  was  achieved 
by  identifying  corrosion  problem  areas  on  the  T58  engine 
similar  in  type  and  degree  to  those  presently  found  in 
service  engines.  As  substantiated  by  the  test  results,  the 
proposed  specification  test  does  identify  components  which 
arc  susceptible  to  corrosion  in  service. 


OTHER  TEST  ADVANTAGES 

In  addition  to  engine  qualification  testing,  this  test 
procedure  is  an  ideal  device  for  advancing  the  state-of-the- 
art  in  gas  turbine  materials.  Tlic  test,  by  the  stringent  envi- 
ronmental conditions  it  imposes  upon  the  engine,  even  more 
than  fiiglit  testing,  represents  the  ultimate  criteria  for 
materials  and  design  configuration  evaluation  prior  to  serv- 
ice introduction.  Accordingly,  newer  generation  superalloys 
and  new  coating  processes  can  be  investigated  with  good 
assurance  of  future  success  or  failure  in  service.  Once  the 
physical  properties  and  basic  engineering  data  have  been 
established  on  a new  material  througli  the  standard  bench 
tests,  the  material  can  be  evaluated  for  its  operational 
performance.  This  would  lead  to  a much  needed  quicker 
acceptance  of  new  materials.  As  the  T58  engine  test  reveals, 
from  corrosion  consideration  alone,  INCO  718  should  be 
the  compressor  airfoil  material  in  current  model  engines 
and  INCO  71 3C  is  really  inadequate  for  the  higher  temper- 
ature turbine  components.  In  another  recent  NAPTC  test  (4), 


Figure  9.  Pott-test  condition  of  TS8-GE-10  engine.  Second  stage  j 

turbine  partition— leading  edge  delamination— uncoated  INCO  713C  J 

(15X).  3 

I 

the  relative  performance  of  several  matcrial/coating  systems  ] 

for  the  T58  first  stage  nozzle  was  investigated.  The  results  | 

showed  a new  proposed  coating  inferior  to  the  present  j 

coating  on  the  INCO  71 3C  substrate;  the  cobalt  X40  mate-  j 

rial  again  was  considered  superior  to  the  nickel-base  INCO  3 

713C  and  the  potential  of  a viable  coating  strip  and  recoat 
process  was  established  for  NARF  applicability.  Such  com-  ■ 

parative  analysis  is  further  justification  for  this  type  test.  ^ 


HOT  CORROSION 

Latest  generation  superalloys  have  kept  abreast  with 
today’s  demands  on  higher  gas  turbine  engine  operating 
temperatures  with  the  necessary  increase  in  higli  tempera- 
ture strength.  However,  the  higlier  turbine  inlet  tempera- 
tures and  the  tendency  to  a reduced  chromium  content  in 
newer  alloys  have  made  the  corrosion  resistance  of  these 
alloys  inadequate.  Growing  concern  for  the  hot  corrosion 
susceptibility  of  superalloys  has  moved  the  technology 
priority  back  into  the  areas  of  coating  composition  and 
processes.  Compounding  tlie  problem  of  hot  corrosion  in 
Navy  gas  turbine  engines  is  the  large  number  of  different 
materials  and  coatings  utilized  in  turbine  applications.  If 
it  was  possible  to  standardize  on  a limited  number  of  alloys, 
maintenance  and  overhaul  procedures  could  be  greatly 
simplified.  For  example,  relative  few  materials  could  be 
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adeyor  particular  temperature  range  applications;  conse- 
quently, all  engines  would  use  a universal  material  for  simi- 
far  applications.  Concerning  hot  section  coatings,  it  appears 
developa  coating  offering  the  required 
protection  for  a select  number  of  alloys,  IdeaUy  it  could  be 
reduced  to  two  coatings,  one  suitable  for  nickel-base  alloys 
Md  one  for  cobalt  alloys.  The  fact  that  each  engine  man!i- 
acturer  requires  his  own  proprietary  coating  adds  to  the 

opportunity  for  immediate 

state-of-the-art  improvements. 

SUMMARY 

TTie  corrosion  resistance  performance  of  gas  turbine  en- 
gine materials  has  in  the  past  only  been  revealed  through 
xmce  operation.  Although  bench-type  testingofmaterials 
and  design  configurations  is  a necessity  for  the  development 
of  both  materials  and  coalings  designed  for  gas  turbine 
2>phcation,  bench  testing  is  considered  primarily  an  initial 
screemng  device.  Analytical  studies  of  hot  corrosion  mech- 
amsms  and  comprative  analysis  of  candidate  materials  is 

?«iSn  r!  ""  "«•  analytical  inves- 

tigations,  often  mismterpreted  in  statistical  analyses,  have 

not  always  correctly  determined  the  strength  or  weaknesses 


of  candidate  materials  in  gas  turbine  engine  appUcations. 
An  actual  service  operation  environment  coupled  with 
component  mterrelationship  only  achieved  in  full-scale 
engine  testing  is  considered  to  be  the  only  proven  me  J od 
of  predicting  materials  performance.  Since  the  test  refults 
obtained  were  representative  of  service  engines,  the  proposed 
s^cification  test  reviewed  in  this  paper  is  considered  a com- 

materSs  " 
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Discussion: 

SERVICE  CORROSION  PROBLEMS  PRODUCED  IN  THE  TEST  CELL 

C.  J.  Spengkr 

Wcstinghousc  Research  Laboratories 


Mr.  Wagner  points  out  tliat  tlic  principal  sliortcoming  of  testing  in  the  laboratory  is  the  failure  to  predict  reli- 
ably actual  service  perforniancc  hence  the  cost  of  engine  testing  is  certainly  justified  for  coatings  and  alloys  intended 
for  application  in  aircraft  turbines.  Reliable  predictions  at.  especially  important  because  the  safety  of  humans  is 
a concern. 

Engine  testing,  however,  for  marine  propulsion  or  stationary  land-based  application  may  not  be  economically 
feasible.  Certainly,  in  the  area  of  electrical  power  generation  a large  I nd  •used  unit  may  require  26,500  liters  of 
fuel  oil  per  hour  for  operation.  Hence,  there  is  economic  ii.  U ve  to  use  .t  <cst  facility  such  as  the  pressurized  pas- 
sage that  can  be  operated  on  about  48  liters  of  fuel  per  hour. 

Essentially,  what  I will  comment  on  is  applicable  to  larger  station.iiy  gas  turbines  but  should  be  applicable  also 
to  aircraft  gas  turbines.  Specifically,  arc  the  significant  fallacies  that  result  ^'rom  laboratory-type  tests  that  seek  to 
predict  hot  corrosion  performance  in  turbines  a matter  of  not  reproducing  the  corrosion  mechanism,  or  is  it  faiiure 
to  initiate  or  accelerate  the  attack,  or,  arc  there  reversals  in  material  behavior  even  with  reproduction  of  the  correct 
hot-corrosion  mechanism? 

With  regard  to  accelerated  engine  testing,  there  is  the  effect  of  eventual  coating/alloy  interaction  on  the 
corrosion-.'X'ack  resistance  of  protective  coatings,  not  to  say  anything  about  the  effects  corrosion  of  the  coating  has 
on  fatigi . ife,  thermal  or  otherwise,  that  cannot  be  c.xpecied  to  show  up  in  the  accelerated  engine  test.  Therefore, 
some  reliance  has  to  be  put  on  a laboratory  test  with  ultimate  justification  based  on  actual  engine  operation. 

The  question  to  be  asked  then  is  liow  can  testing  under  simulated  turbine  conditions  be  made  reliable.  We  at 
Westinglioase.  a number  of  years  ago,  conducted  a comparison  of  hot  corrosion  in  laboratory  tested  and  long-time 
service  c.xposed  nickel-,  cobalt-,  and  iron-based  alloys  cither  as  inlet  guide  vanes,  rotating  blades,  or  as  part  of  corrosion 
monitors,  to  determine  which  features  of  hot  corrosion  attack  had  to  be  reproduced  in  order  to  extrapolate  with  a 
higli  degree  of  confidence  from  those  observations  made  in  short-time  laboratory  tests  to  the  performance  anticipated 
der  long-time  service  conditions. 

Tlie  study  looked  at  a number  of  the  features  of  hot  corrosion  attack  (Fig.  1)  and  showed  the  following.  For 
uncoated  alloys  on  evaluation  of  initial  and  final  niicrostructurc  of  the  unattacked  portions  of  the  various  alloy 


a be 

Figure  1.  Photographs  of  corrosion  tested  specimens  from  (a)  sombustion  furnace,  (b)  turbine  simulator,  and  (c)  gas  turbine  vane. 
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in  microstructure  ®f<ec‘ed  only  to  a minor  degree  by  variations 

but  the  mtack  rarely  exceeVed^’a  ‘‘•‘>"8  ‘he  boundaries 

fo.,„  oni  »f 

in  chronuum  content  with  respect  to  variations  in  allov  comnneir-  '®;  *® ‘‘®‘®™ine  the  variations 

specimen.  The  pressurized  passace  nroduce/t  - a ‘®*‘  condition,  and  location  on  the  test 

those  ot  the  inlei  guide  vanes  chromium-depletion  profiles  on  the  shock  paddies  that  approximated 

denseJ^rxti:::j'n:ts^LJ:^z^  rjr " - 

conditions  witli  artificially  applied  salt  depasii--  ‘hrr/-  subscale  features.  In  alloys  tested  under  static 

sulfides  present  across  the  affected  aUoy  region  while  the  amTaUovsf  f ‘he  various 

turbine  with  salts  condensed  from  the  »as  stream  had  nn^  turbine  simulator  and  actual  gas 

sometimes  failed  to  initiate  hot  TheburnerSg 

In  siwrt,  the  study  indicated  thaTaXaefeZ^  alloys  such  as  X^5. 

behavior  necessitated  information  on  (1)  chromium-denari  ^ *"  ’**  anticipated  corrosion 

passage  at  longer  test  times  (>150  hr)  when  the  weiehi  rhano^  ..  ^ ■,^  *f^^‘^‘"®'*'"e”ietin  the  pressurized 
corrosion  penetration  tlien  could  be  taken  as  a eiiMe  showed  a steady  rate  of  weight  loss.  The 

rosion  attack.  anticipated  susceptibility  of  an  aUoy  or  coating  to  cor- 
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Figurt  2.  Schematic  rcprmmittlioo  of  princip.!  ph«N  found 
in  Co-brnml  .Hoy,  X-54.  .*po«d  to  ,M>or«ory  t«,  pan  ,on*. 
Urn.  turbiiM  operating  conditions. 


F»9ur.  3,  ScfwmMic  raprMntation  of  princip.1  phmn  found 
in  NMimad  alloy  OISOOI,  pxpomd  to  laboratory  tMt.  »kI 
long-timt  turbint  oporating  eonrf  ittont. 
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reproduced  the  attack  only  found  in  gas  turbines  subject  to  exceptionally  heavy  salt  deposits.  The  average  penetra- 
tion rates  from  the  pressurized  passage  for  different  levels  and  tatios  of  combined  sodium  and  vanadium  now  being 
determined  are  considered  to  be  a reliable  indication  of  anticipated  engine  performance  for  both  coated  and 
uncoated  superalloys. 


Scjif)  AAR  fHie  Alloir 

»Cr| 


U-500 


X-« 


Figure  4.  Chromium-concentration  profiles  across  affected  alloy 
region  (AAR)  of  U-500.  X-4S,  artd  310,  tested  in  turbirte  simulator 
(TS),  combustion  furnace  (CF),  and  gas  turbine  (G  D corrosion  tests. 
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Discussion: 

SERVICE  CORROSION  PROBLEMS  PRODUCED  IN  THE  TEST  CELL 


Bernard  J.  Bogus 


I have  only  a few  brief  remarks  in  keeping  witli  the  spirit  of  the  hour. 

1 think  it  fitting  that  the  conference  end  with  the  views  of  an  engine  user.  It  must  be  held  constantly  in  mind 
that  engine  use  is  what  our  business  is  ail  about.  At  NAVSECPMILADIV  we  are  concerned  about  engine  use  in  Naval 
applications.  In  this  light,  1 completely  ascribe  to  the  views  from  Trenton  that  full  scale  engine  testing  is  essential 
to  the  whole  picture.  Possible  benefits  were  clearly  described. 

However,  in  the  paper  it  was  implied  that  the  proposed  accelerated  corrosion  test  cycle  may  well  be  the 
ultimate  test  and  that  it  could  be  used  to  help  establish  universal  materials  for  all  engines.  A few  words  of  caution 
may  be  in  order  concerning  absolute  or  ultimate  value  criteria. 

It  is  true  that  burner  rig  tests  are  subject  to  different  interpretations.  Our  recent  attempt  at  Round  Robin 
testing  has  verified  this.  However,  I’m  sure  that  most  of  us  agree  burner  rig  tests  are  valuable  as  a screening  device. 
^Vhat  is  probably  needed  is  burner  rig  improvement  and  standarization  rather  than  rationalization  of  results. 

An  engine  test  is  really  a systems  test.  But  an  engine  test  may  also  be  likened  to  a burner  rig  in  which  all  com- 
ponents are  being  evaluated  at  one  time.  A multiple  specimen  burner  rig  if  you  will. 

In  this  view,  many  of  the  shortcomings  of  burner  rig  tests  could  well  follow  through  to  ultimate  engine  tests 
unless  we  standardize  test  conditions  so  that  they  will  be  acceptable  to  all  as  being  conclusive.  Many  questions  arise 
which  need  to  be  answered  before  an  ultimate  test  cycle  can  be  written,  especially  for  such  short  time  tests.  For 
example,  some  questions  are: 

1.  What  type  fuel  do  we  use  in  the  engine  test?  What  sulfur  content  should  be  specified?  Wliat  V content? 

2.  Are  the  salt  concentrations  really  capable  of  being  standardized?  What  size  aerosols  arc  to  be  allowed  to 
thv  engine?  How  is  the  engine  to  be  positioned  in  the  test  chamber  for  static  and  dynamic  tests? 

3.  What  are  the  most  effective  time  cycles  for  such  an  engine  test?  Is  it  possible  that  more  realistic  cycles 
could  later  be  evolved?  If  so,  we  could  be  headed  into  the  same  maze  that  we  now  have  with  the  burner  rigs.  These 
are  only  a few  questions  which  arise. 

With  regard  to  the  paper,  it  is  suggested  that  visible  corrosion  effects  may  not  be  the  best  absolute  measure. 
The  presence  of  visible  corrosion  may  well  point  out  a potential  problem  area.  It  may  not  present  a ready  answer. 
Substitution  of  materials  should  not  be  made  based  on  visual  corrosion  effects  alone.  Factors  such  as  fatigue  strength, 
creep,  and  stress  rupture  need  be  considered  and  these  are  not  amenable  to  short  time  engine  tests.  What  may  be  in- 
dicated is  the  need  for  a design  or  configuration  change. 

In  conclusion,  engine  testing  is  a vital  part  of  the  whole  picture.  The  benefits  to  be  gained  from  engine  testing 
arc  real,  valuable,  and  cost  economical.  An  absolute  or  ultimate  engine  test  cycle  may  yet  be  far  away  and  universal 
materials  for  all  engine  applications  may  be  farther  still. 
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